Clemson University

TigerPrints
All Dissertations

Dissertations

12-2007

Fungal conversion and supercritical carbon dioxide
processing for value-added canola oil
Meidui Dong
Clemson University, dong@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Microbiology Commons
Recommended Citation
Dong, Meidui, "Fungal conversion and supercritical carbon dioxide processing for value-added canola oil" (2007). All Dissertations.
155.
https://tigerprints.clemson.edu/all_dissertations/155

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

FUNGAL CONVERSION AND
SUPERCRITICAL CARBON DIOXIDE PROCESSING FOR
VALUE-ADDED CANOLA OIL

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
in Biosystems Engineering

by
Meidui Dong
December 2007

Accepted by:
Dr. Terry H. Walker, Committee Chair
Dr. Paul L. Dawson
Dr. Caye M. Drapcho
Dr. Joe E. Toler
Dr. Nhuan Nghiem

ABSTRACT

There is a growing awareness of health benefits of polyunsaturated fatty acids
(PUFAs) e.g. arachidonic acid (ARA, C20:4n6) and eicosapentaenoic acid (EPA,
C20:5n3). In general, plant seed oil and animal fat do not contains long-chain PUFAs
with more than eighteen carbons. This study investigated the feasibility for addition of
ARA and EPA to canola oil through the fermentation of fungi, Mortierella alpina, using
canola flake, cake or meal as substrates. Supercritical CO2 extraction was also
investigated for lipid extraction. In addition, a supercritical CO2 explosion process was
characterized and applied to enhance oil extraction using supercritical CO2 and to
potentially improve the digestibility of canola material for fungal conversion.
Three new PUFAs, γ-linolenic acid (GLA, γ-C18:3n6), ARA and EPA were
added through the conversion of canola substrate with fungi Mortierella alpina. The
conversion rate of fungi-digested lipids to fungi-produced lipids was estimated to be
nearly 50%. ARA yields of 20.3 mg/g flake, 12.5 mg/g cake and 20.1 mg/g glucose, and
EPA yields of 3.3 mg/g flake, 2.7 mg/g cake and 0.3 mg/g glucose were obtained in flask
culture. When canola meal was used as substrate in combination with different oils, corn
and olive oils produced higher ARA, and lower EPA than canola and soybean oils. Olive
oil yielded the highest ARA content of 48.9 mg/g substrate, and canola oil yielded the
highest EPA content of 5.7 mg/g substrate. When scaled up to 7-liter fermenter
production using canola flake compared to glucose and yeast extracts, ARA yields of
19.8 mg/g flake (609 mg/l) and 82.8 mg/g glucose (2,900 mg/l), and EPA yields of 3.0
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mg/g (99 mg/l) flake and 0.4 mg/g glucose (13 mg/l) were obtained. Mortierella alpina
co-cultured with Pythium irregulare in flask culture improved the production with ARA
yields to 26 mg/g flake, 23 mg/g cake and 38 mg/g glucose and EPA yields of 4.3 mg/g
flake, 3.7 mg/g cake and 0.3 mg/g glucose.
Supercritical CO2 explosion at initial conditions in the ranges of 25 to 65°C and
500 to 3,000 psi was characterized based on total release time, rate of depressurization,
and effect of phase change on the rate of depressurization. Oil extraction from canola
flakes using supercritical CO2 was improved after the explosion treatment. Explosion at
35°C and 3,000 psi resulted in the highest oil yield with nearly 13% oil yield
improvement. When the canola meal exploded under 65oC and 3,000 psi was utilized for
fungal fermentation, the yields of ARA and EPA were enhanced. The exploded meal
without autoclaving achieved the highest yields of ARA, 40.9 mg/g substrate and EPA,
5.1 mg/g substrate. The raw meal with autoclaving produced the lowest yields of ARA,
8.3 mg/g substrate and EPA, 0.8 mg/g substrate.
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CHAPTER 1
INTRODUCTION

Canola is a word derived from “Canadian oil”. The name of canola was
registered by the Western Canadian Oilseed Crushers in 1978 and subsequently
transferred to Canola Council of Canada in 1980. Canola originated from the rape plant
(mustard family) by using traditional plant breeding methods in the late 1960-70s in
Canada, which con`tained low erucic acid (C22:1n9) (< 2%) and glucosinolates (< 30
umol/g dry seed base). However, the “old” name, “rape”, “rapeseed” or “oilseed rape” is
still used. Europeans call "oilseed rape" and the oil "rape oil" or "rapeseed oil", though it
is already a breeding variety with low erucic acid and glucosinolates. Now both of
rapeseed or canola refers to modified rape plant, except in some specific area, e.g. some
rapeseed varieties have very high erucic acid for industrial use. Though no confirmed
case of erucic acid toxicity in humans has been found, high levels of erucic acid have
been linked to the formation of fatty deposits in heart muscle in animals (Bremer et al.,
1982).
Canola is one of the most important oilseed crops of the world ranking second in
world production, and exceeds 40 million tons (metric) per year (USDA, 2004). The
United States imports the largest quantity of canola oil and meal from Canada. In 200304 crop year (August 1st to July 31st), 536,300 tons canola oil, 74.6 % of total export,
and 1,485,100 tons canola meal, 94.6 % of total export, were exported to the United
States (Cereals & Oilseeds Review - Statistics Canada, 2005). Total production of canola
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seed in the United States was 607,600 tons in 2004 and among them, 514,557 tons (84.5
%) was produced in the state of North Dakota (National Agricultural Statistics Service,
2005).
Canola oil has a well-balanced fatty acid profile with low level of saturated fatty
acids, a relatively high level of monounsaturated fatty acids and an intermediate level of
polyunsaturated fatty acids, compared to the compositions of some other dietary oils as
shown in Figure 1.1. However, its origination of rapeseed with high erucic acid might
still affect the consumer’s acceptance. Canola meal is a by-product of canola oil
processing. It provides a good source of protein for animals and is a particularly rich
source of the sulfur amino acids (Newkirk et al., 2003). The compositions of example
meals are shown in Table 1.1. Fungal bioconversion of canola meal was studied for
production of phytase enzyme and reduction of phytic acid level (Ebune et al., 1995;
Bogar et al., 2003a; Bogar et al., 2003b). Canola material has good nutrition for fungal
growth as carbon and nitrogen sources and minerals.
In general, plant oils do not contain polyunsaturated fatty acids (PUFAs) with
more than eighteen carbons, e.g. arachidonic acid (ARA, C20:4n6) and eicosapentaenoic
acid (EPA, C20:5n3) (Ratledge, 2004). Some potential has been shown for plant n-3 and
n-6 fatty acids to be converted to ARA in human metabolism. However, the plant-based
oils high in omega-3 fatty acids are not nearly as effective as fish oil in prevention of the
major diseases and human infant brain development because the metabolic conversion
rates are low for C:18 plant fatty acid compared to C:20 and C:22 n-3 and n-6 fatty acid.
Some microorganisms, such as bacteria, alga and fungus, can produce n-3 and n-6
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PUFAs (Certik et al., 1999) and the resulting oil does not contain the odor compounds
associated with many fish oils.
The n-3 and n-6 series of PUFAs in food additives and pharmaceuticals have
shown the potential for the prevention of heart and circulatory disorders and cancer, as
well as inflammatory diseases (Jang et al., 2005). ARA is a precursor of many important
eicosanoids, such as prostaglandins, thromboxanes, and leukotrienes (Gill and Valivety,
1997). A desired outcome is to develop the oil containing ARA abundantly, safely, and
economically as a usable ingredient of food (Higashiyama et al., 2002). Mortierella
alpina, a filamentous fungus, is capable of producing ARA and enzymatically digesting
complex substrates (e.g. hemicelluloses, lignocelluloses) associated with plant biomass.
These Mortierella species produced ARA in the form of triacylglycerols (TAGs) with
high percentage of 60-90% (Certik and Shimizu, 2000). Extensive research and
production of ARA by the fungus Mortierella alpina was carried out over the past decade
(Ward and Singh, 2005).
Current extraction processing for canola oil includes 10 steps as shown in Figure
1.2. Canola oil extraction typically uses an organic solvent (hexanes) and is a heat
intensive process. Therefore, the process consumes a large amount of energy and results
in problems with solvent residue and releases. The losses of some functional
phytochemicals (e. g. phenolics) and the formation of some antinutrients (e. g. derivatives
of glucosinolates) also occur during the processing, especially during the cooking process
and desolventizing process. The cooking process is adapted to inactivate enzymes,
particularly myrosinase, and improve the separation ability of oil from the flakes in the
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pressing process. The cooking temperature range for flakes is typically 75-85oC, with 2040 min retention time. Desolventizing of solvent-extracted cake removes hexanes. The
cake in a desolventizer-toaster is heated to 103-107oC, with 30-40 min of retention time
(Unger, 1990).
With increasing concerns about food safety, human nutrition and environmental
protection, other alternatives to organic solvent and heat-intensive processes are receiving
greater attention. Supercritical CO2 based technology is a promising replacement.
Supercritical CO2 is a commonly used fluid due to its low critical parameters, 31.1°C,
7.38 MPa, low cost and non-toxicity. Many applications were studied for oil extraction
(Riha and Brunner, 2000; Hsieh et. al., 2005; Rezaei and Temelli, 2001), and some for
explosion of supercritical CO2 to enhance enzymatic hydrolysis of cellulosic materials
(Zheng et al., 1998; Kim and Hong, 2001).
High-pressure CO2 explosion process was investigated to aid oil extraction from
canola using supercritical CO2 extraction. Furthermore, the explosion process was
characterized for better understanding for further application. The addition of PUFAs into
canola oil by fungi, Mortierella alpina, was also investigated utilizing the canola
materials. Canola has plenty of nutrients including carbon, nitrogen and mineral sources
necessary for microbial growth. Additionally, canola has a high content of n-3 and n-6
fatty acid precursors, which could be converted to PUFAs by fungal fermentation.
Furthermore high-pressure CO2 explosion was applied for improving fungal digestibility
of canola materials before being used to fungal conversion. The laboratory scale-up
production was then conducted to investigate the feasibility of using solid canola
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materials, and to prepare enough biomass for extraction experiments. Finally the PUFAsadded oil was extracted from the biomass using supercritical CO2 and the extraction
process was modeled.

Objectives
In this dissertation, Chapter’s 3, 4, 5, and 6 were written as separate papers as
related to the following specific objectives of this research:
1. Determination of the feasibility for addition of PUFAs to canola oil by the
fermentation of fungi, Mortierella alpina, using canola flake, cake or meal as
substrate.
2. Characterization of high-pressure CO2 explosion to enhance the oil extraction
from canola.
3. Supercritical CO2 explosion to improve the digestibility of canola substrate for
fungal culture and to enhance the PUFAs yields.
4. Scale-up production of PUFAs using canola materials as substrate.
5. Supercritical CO2 extraction of fungi-modified oil from biomass consisting of
fungal biomass and canola residual, and the modeling of extraction process.
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Figure 1.1. Comparison of dietary fats (Dzisiak, 2004).

Figure 1.2. Extraction processing of current commercial canola oil.
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Table 1.1. Chemical composition (%) of canola (Brassia) cultivars (Sosulski and
Sosulski, 1990)*
Oil and meal
constituents

Brassia napus

Brassia pestris

Westar

Regent

Tobin

Seed oil

43.1

42.7

42.2

Meal-protein

42.7

44.5

43.2

Meal-hemicelluloses

6.4

5.5

6.4

Meal-cellulose

7.2

10.2

12.1

Meal-lignin

10.7

9.8

5.6

Meal-ash

5.9

4.0

4.1

* Percentages with dry basis.
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CHAPTER 2
LITERATURE REVIEW

2.1. Fungal Production of ARA
Single cell oil production was commercially explored in the 1980s for production
of cocoa butter substitutes since cocoa butter was in short supply (Gunstone, 2001). Few
microbial oils have been commercialized because of the high production cost as
compared with the low cost of conventional edible oil extracted from natural plant
sources. With research on physiological functions of lipids, the production of microbial
lipids has once again become attractive. Among the known microbial lipids, PUFAs have
attracted great interest because of their valuable functions. ARA exists widely in the
animal kingdom, and has been isolated from lipids extracted from the adrenal gland and
the liver of animals. However, isolation from these organs with small amounts is
insufficient to meet the demand. Various microorganisms capable of producing ARA
were investigated as summarized by Ward and Singh (2005). Among them, those
belonging to the Mortierella genus has been extensively studied by many groups,
particularly, the alpina species, which show a high potential for ARA production.
Mortierella alpina is an attractive source for production of ARA because 60% of ARA in
the total lipids predominates the content of long chain PUFAs, with only traces of EPA
and no DHA being produced. This strain is currently regarded as the most effective
industrial producer of ARA (Ward and Singh, 2005). Amano et al. (1992) analyzed fatty
acid composition of 50 Mortierella subgenus isolates. They found that ARA composition
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of Mortierella alpina was higher than those of any other species. ARA was present in all
major lipid structures and a high concentration was detected in phosphatidylcholine (PC)
and phosphatidylethanolamine (PE). However, triacylglycerols (TAGs) are the main lipid
structure in the fungal intracellular lipid and their content in total lipids was 60-90%
(Certik and Shimizu, 2000).
Extensive research and patents on the production of ARA by the fungus
Mortierella alpina were carried out over the past decade (Willis et al., 1998; Ward and
Singh, 2005; Barclay, 2007). Research on microbial PUFA production was basically
aimed at improving economic competitiveness of microbial lipids compared to plant and
animal-derived lipids. Emphasis was placed on screening for more efficient strains,
increasing the product value, optimizing the culture conditions, using inexpensive
substrates, and reducing the processing steps necessary for lipids recovery from the cells
(Certik and Shimizu, 2000; Zhu, et al, 2003; Ratledge, 2005; Streekstra, 2005).

2.1.1. Effect of Carbon and Nitrogen Sources
For the commercial production of ARA, a high biomass concentration is required
for high productivity because ARA is stored primarily as an intracellular product.
Besides, ARA formation requires adequate oxygen because the enzymatic desaturation
process requires oxygen (Ratledge, 1992). In cultures of Mortierella for ARA production,
glucose and starch are most frequently used as the primary carbon source. In terms of
nitrogen sources, yeast extract (YE) and soybean meal (SM) are widely used. Bajpai et al.
(1991) studied the effect of carbon source in the medium on the growth of fungi,
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Mortierella alpina ATCC 32222. This medium was prepared according to the procedure
of Hansson and Dostalek (1988). Glycerol, glucose, fructose, xylose, maltose, sucrose,
starch, olive oil and linseed oil were compared. Fungal growth was poor in medium
containing xylose or sucrose. With other carbon sources, biomass production ranged from
16.85 g/l for dextrin to 28.21 g/l for linseed oil. However, ARA content of biomass and
content of lipids in biomass were very low when linseed oil was the carbon source. ARA
content of biomass produced with fructose, maltose, glycerol and glucose ranged from
9.6 to 10.8% (w/w) with ARA accounting for 44.7 to 54.1% of total fatty acids. Jang et
al. (2000) also investigated various carbon sources, including soluble starch, glucose,
glycerol, galactose and maltose, and nitrogen sources including KNO3, NaNO3, NH4NO3,
(NH4)2SO4, urea, YE and their combinations, and found that soluble starch at 10% and
the mixture of KNO3 and yeast extract 2:1 (w/w) was the best carbon and nitrogen
combination for ARA and total PUFA production. Totani et al. (1992) reported the effect
of glucose concentration on ARA production, and showed that more than 20% glucose
inhibited the growth of Mortierella alpina. Totani et al. (2000) also reported that when
peptone and wheat bran was used as nitrogen sources, a high ARA productivity of 11 g/l
was obtained. Only a small amount of biomass was obtained in the medium comprising
NH4NO3, NaNO3, KNO3 or (NH4)2SO4 as nitrogen sources, suggesting that Mortierella
fungi hardly assimilate inorganic nitrogen source, and require amino acid or protein for
obtaining a certain amount of biomass. Sigh et al. (1997) also reported when NaNO3 was
replaced with corn steep liquor ARA yield was significantly improved.

12

Lipid production was one of few biotechnological processes that proceeded quite
well in a simple batch culture. In this system, the C/N ratio was an important parameter
(Streekstra, 2005). Jang et al. (2005) conducted elemental analysis Mortierella alpina
ATCC 32222, with the C/N ratio of 4.9, and reported C/N ratio of 9.0 gave a high cell
yield, whereas a C/N ratio of 5.2 gave the maximal ARA and total PUFAs production.
However, the optimal C/N ratio of 15-20 for ARA production was reported by Kokie et
al. (2001). Sajbidor et al. (1990) reported that Mortierella sp. had high ARA production
at C/N ratio of 20. The difference might result from different strains or culture conditions.
The ratio of C/N also affects the morphology of fungi, which affects the whole
fermentation process, including the productivity of targeted metabolites and product
recovery/purification in downstream processes (Gibbs, 2000). Kokie et al. (2001)
reported the effect of C/N on ARA production and mycelial morphology in the culture of
Mortierella alpina. The optimal C/N ratio of the medium was 15-20 for ARA production
with a balance between carbon and nitrogen sources. When an enriched medium was
used at a fixed C/N ratio of 20, the cellular and ARA concentration were proportional to
the total concentration of carbon and nitrogen sources. The whole pellet size did not
change with increasing C/N ratio when below 20. When the C/N ratio was higher than
20, the pellet size increased in proportion to the C/N ratio.
Generally the morphology of fungi will affect the fermentation (mycelia growth
and metabolite formation) by changing the viscosity (or rheology) of broth. Filamentous
growth of fungi results in highly viscous broth with non-Newtonian, pseudoplastic flow
behavior (Papagianni, 2004). Pelleted growth exhibited low viscosity and approached

13

Newtonian flow behavior, so pellet morphology allowed easier mixing and better mass
transfer to culture broth (Hamanaka et al., 2001). Although pellet fermentation broths
might be Newtonian and of low viscosity, problems could arise with the transport of
nutrients inside the pellets, thus reducing productivity. Therefore, the dispersed forms
predominate in most industrial fermentations (Riley et al., 2000). The morphology of
fungi was found to affect the productivity of ARA, with small pellets (1-2 mm in
diameter) showing the highest productivity which indicated that the pellet form was more
suitable though a filamentous morphology would be more suitable for ARA production
from the viewpoint of oxygen and mass transfer (Higashiyama et al., 1999b). From the
cultures in a shaker and jar fermentor, feather-like morphology with high concentration
of small-size pellets was found to be the most suitable for ARA production (Park et al.,
1999).
The change of rheology of broth will affect directly or indirectly other factors that
synergistically determine the fermentation process, e. g. mass and energy transfer
properties, biomass concentration, mixing and aeration, nutrition and oxygen
consumption, temperature, pH, cell differentiation and growth, metabolite formation, and
specific growth rate. In turn, morphology of fungi will be affected by viscosity of broth,
mutually together with other factors mentioned above. Gibbs (2000) reviewed the
problems associated with mycelial morphology of fungal fermentation, including
formation of heterogeneous and stagnant zones, nutrients and oxygen gradient and
limitation, and inaccurate temperature control and locally excessive heat. These problems
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may result in the cellular stress causing strain degradation or mutation, especially at a
larger scale.
The effect on nutrient and oxygen consumption is not only from the rheology,
mixing or aeration, but also from the different structure related to different morphology
of biomass. Oxygen is probably the most important factor physiologically, because
oxygen limitation may result in the suppression or even total inhibition of metabolite
production of lipids in aerobic fungi. PUFAs are formed through elongation and
desaturation. The desaturation involves aerobic reaction by oxygenation. So oxygen
availability is important for synthesis of ARA, an n-6 PUFA with four double bonds, in
Mortierella alpina. Cellular growth of fungi was restrained due to substrate limitation in
the region of the dense pellet core when the pellet radius exceeded a critical value. The
lipid was produced on the edge of the pellet, where the mycelial density was high
(Hamanaka et al., 2001). Higashiyama et al. (1999a) studied the effects of dissolved
oxygen (DO) on the morphology of Mortierella alpina in a 50-L fermentor. When the
DO concentration was maintained at 20-50 ppm using oxygen-enrichment method, the
morphology changed from filaments to pellets, and ARA yield decreased drastically
because of stress due to the limited mass transfer through the pellet wall. Studies of
fungal morphology and metabolite production in submerged mycelial processes over the
past 50 years were reviewed by Papagianni (2004). The content included growth
mechanisms of filamentous fungi, dynamics of mycelial aggregation, influence of process
parameters on the morphology, productivity and rheology, and some related models.

15

The optimum morphology for production usually varies among fungi and
products. There is still not obvious or unequivocal conclusion to tell which is better for
ARA production by Mortierella alpina, filamentous or pellet form. ARA is an
intracellular primary metabolite that is accumulated highly in active and just mature cell
between 3-7 days. Small and compacted pellets consist of oil-rich cells. Furthermore,
small pellets reduce the nutrients and oxygen limitation and autolysis of cells in the core
part. Small pellets also have better rheological properties than filamentous mycelia or
large pellets, which may reduce the problems associated with filamentous growth. Also,
small pellet formation has relatively suitable fluid property for transportation in
downstream processing such as biomass centrifuge recovery (preventing compacted cake
forming), spraying drying and extraction.

2.1.2. Effect of Oil Supplement to the Culture Medium
Various studies have indicated that vegetable oil addition was beneficial to
enhance ARA yield (Jang et al., 2005; Shinmen et al., 1989; Singh and Ward, 1997) ) in
M. alpina culture. Addition of each corn, soybean, peanut and canola oils (1%) to the
medium stimulated biomass and lipid production. The cultures supplemented with corn
and canola oil exhibited the maximum ARA yield and was 50% higher than that without
any supplementation (Singh and Ward, 1997). Jang et al. (2005) also investigated the
effect of oil addition. Supplementation with 1.0% of linseed oil gave the highest biomass,
followed by sunflower oil and soybean oil. Linseed oil gave a high ARA production,
followed by soybean oil and sunflower oil. The effect of the supplemented oil
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concentration was also studied using soybean oil. Biomass increased with the
concentration of soybean oil and had a plateau at 1.0%. The yield of ARA also increased,
and had a maximal value with 1.0% of soybean oil.
Linseed oil was often supplemented for EPA production because of its high
percentage of α-linolenic acid. Shimizu et al. (1989) investigated the conversion of αlinolenic acid to EPA, and suggested the two metabolic routes (n-3 and n-6 route) for
synthesis of PUFA. In Mortierella species, C18:2 was desaturated to form C18:3, then
was elongated forming C20:3, and finally desaturated to ARA. Addition of vegetable oil
to basal media significantly enhanced the ARA yield, where some of the fatty acid
supplement (C18:1, C18:2 or C18:3 as major fatty acid) was utilized as a precursor for
ARA synthesis. Bajpai, et al. (1991) investigated the direct utilization of olive oil and
linseed oil as the carbon sources for ARA production. Both of linseed and olive oils had
higher biomass production and lipid content of biomass than other carbon sources, e.g.
glucose, starch and glycerol. However, linseed oil had low ARA content of biomass and
total ARA yield. This result is different from that when linseed oil was used as a
supplement (Janget al., 2005). Olive oil had comparable ARA content of biomass and
total ARA yield to glucose and higher than starch. EPA content of biomass and yield was
not reported in this research. High percentage of α-linolenic acid of linseed oil might
promote the EPA formation via n-3 pathway, but may compete with ARA formation
because of the shared enzyme system for both of ARA and EPA formation routes.
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2.1.3. Waste Material as Fermentation Substrate
The demand of reducing processing cost coupled with the environmental pressure
caused by the release of agricultural/industrial byproducts and waste has resulted in the
need for utilization of byproduct/waste as fermentation feedstock. Bioprocessing of these
materials shows a promising potential for effectively utilizing agricultural and food
processing wastes and byproduct.
Zhu and Walker (2002) investigated the feasibility of utilizing rice bran as a
fermentation substrate for Pythium irregulare to produce EPA and ARA. This study
showed the feasibility of rice bran utilization in submerged fermentation to produce lipids
containing target PUFAs. Rice bran media was competitive with glucose-yeast extract
media for EPA and ARA production with low-cost as a potential feedstock. In the 5%
(w/v) rice bran medium, which contained about 2% carbohydrate with an estimated C/N
ratio of 10, after 7 days incubation, the lipid yield increased nearly 10% compared with
that in the initial rice bran. The composition of fatty acid fraction was improved with the
addition of EPA and ARA synthesized by the fungus. Maximum EPA and ARA yields
reached 207 mg/l and 70 mg/l after a 7 days incubation period, respectively. The
bioconversion percentages from rice bran to EPA and ARA were 0.41% and 0.14% of
total rice bran, respectively, where the bioconversion percentage was defined as fatty acid
yield (g/l) divided by rice bran yield in media (50g/l). Lindberg and Hansson (1991)
examined the use of rape meal, and beet molasses as substrate on γ-linolenic acid
production. Chaudhuri et al. (1998) determined that 0.5% deoiled mustard meal was a
good substrate for production of ARA-rich oil. Cheng et al. (1999) investigated the
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fungal production of ARA and EPA using industrial byproduct streams including sucrose
waste stream (SWS) and soymeal waste stream (SMW), and crude soybean oil (SBO).
The strains Pythium irregulare and Mortierella elonga were used for comparison. The
greatest EPA yield was 1.4 g/l in the medium composed of 4% SBO and 1% SMW at
12°C and that of ARA was 2 g/l in the media composed of 4% SBO by Pythium
irregulare. Zhu et al. (2003) studied the production of ARA in the fungus Mortierella
alpina using an inexpensive medium. Glucose derived from maize starch hydrolysate was
the sole carbon, and defatted soybean meal and sodium nitrate were the nitrogen sources.
The results showed that a mixture of soybean alkali-extract protein and sodium nitrate
was an excellent nitrogen source for fungal growth, lipid accumulation, and ARA
production. A maximum yield of 1.87 g/l ARA was obtained with a soybean protein
concentration of 4.6 g/l and a sodium nitrate concentration of 2.3 g/l.

2.1.4. Genetic Engineering Technology in ARA Production
Several strains have been extensively studied for the practical production of ARA.
These strains were breed using conventional mutagenesis method, especially for creating
desaturase and elongase mutants with unique pathways (Shimizu et al., 1989). In addition
to studying desaturase and elongase mutants, research was conducted in the area of
cloning specific desaturases gene from various Mortierella alpina strains and expressing
them in a number of other organisms. Some promising results showed that cloned
desaturease genes could be utilized for the transformation to other organisms, which were
potential PUFA producers. These include the cloning of desaturase gene from Mortierella
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alpina and expressing them in microorganisms and plants (Michaelson et al., 1998;
Knutzon et al., 1998; Chen et al., 2006).
The cloning of ∆5 desaturase from Mortierella alpina was expressed in
Saccharomyces cerevisiae. The transformed yeast was able to accumulate ARA
(Michaelson et al., 1998). Knutzon et al. (1998) reported the expression of the cloning of
∆5 desaturase from Mortierella alpina in Saccharomyces cerevisiae revealed that the
recombinant product had ∆5-desaturase activity. Expression of the Mortierella alpina ∆5desaturase cDNA in transgenic canola seeds resulted in the production of taxoleic acid
(∆5, 9-18:2) and pinolenic acid (∆5, 9, 12-18:3), which were the ∆5-desaturation
products of oleic and linoleic acids, respectively. Chen et al. (2006) reported the
production of ARA soybean seed by specific expression of genes encoding ∆6
desaturase, fatty acid elongase, and ∆5 desaturase from Mortierella alpina, as well as the
down regulation of an endogenous gene of soybean, ∆15 desaturase gene. These results
indicated that metabolic engineering of the fatty acid biosynthetic pathway to produce
ARA in oilseed crops was possible.

2.2. Supercritical Carbon Dioxide Extraction and Explosion
There are growing concerns of the health and environment problems associated
with the use of traditional solvent extraction techniques employed in consumer products.
CO2 is a potential extraction solvent alternative to the traditional organic solvents.
Supercritical CO2 has advantages of low cost, non-toxicity, high diffusivities with
appreciable solubility, and low viscosity. Solvent separation from the extract is easily
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accomplished by reducing the pressure and returning the CO2 to a gaseous state, and can
be recycled for further use.
Supercritical fluids extraction (SFE) processes use fluids that has appreciable
solubility near the sub- or super-critical point to extract selected component by regulating
the temperature, pressure or flow rate. Supercritical CO2 is the most commonly used fluid
due to its low critical properties, 31.1°C, 7.38 MPa and other advantages mentioned
above. Because supercritical CO2 extraction has low solvent temperatures compared to
conventional organic solvent extraction or steam distillation extraction, degradation of
some thermolabile active compound may be avoided. SFE has become an acceptable
extraction technique used in many areas, far beyond the well-known decaffeination of tea
and coffee and extraction of hops for beer flavoring. SFE of active natural products from
herbal or more generally, from plant materials has become one of the most important
application areas (McHugh and Castro, 1994). Additionally, SFE technology using
carbon dioxide as solvent is GRAS or "green" status accepted in both Europe and the
U.S.
Supercritical CO2 extraction of vegetable oil has been studied from the
processing point of view and a wide range of seed species has been explored, including
cottonseed, soybean, peanut and rapeseed (Reverchon and Marrone, 2000). Fattori et al.
(1988) evaluated the feasibility and merits of supercritical CO2 extraction as an
alternative to hexane extraction in the canola oilseed industry. The experiment was
conducted at temperatures and pressures ranging from 25 to 90°C and 10 to 36 MPa.
The oil solubility in CO2 was found to be strongly dependent on pressure and weakly
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dependent on the temperature. The highest observed oil solubility was 11 mg/g CO2 and
occurred at 36 MPa and 55°C. The amount of oil extractable from flaked and cooked
seeds was comparable to that obtained by conventional hexane extraction. Przybylski et
al. (1998) analyzed the composition and oxidative stability of oil fractions collected
during the process of supercritical CO2 extraction at 40°C and 41.4 MPa. The results
showed that the linolenic acid composition decreased, and the amounts of phospholipid
increased as the CO2 volume increased. The fraction obtained at the end of extraction
contained higher amounts of unsaponifiables and phospholipids, and showed better
oxidative stability.
Supercritical CO2 extraction of lipids from lipid-bearing fungal or algal biomass
has also been studied (Andrich, 2005; Badal and Walker, 2002; Walker et al., 1999;
Cantrell and Walker, 2006). Badal and Walker (2002) conducted the SFE of raw and
fermented rice bran for value-added oil. This study was focused on determining the effect
of particle size (>48 mesh and 16-48 mesh) and biotreatment on the yield and quality of
rice bran oil. The results showed that EPA and ARA produced during the biotreatment
were extracted by SFE, under the extraction conditions, 40°C and 4000 psi.
The SFE process involves the removal of solutes from porous matrices into the
supercritical CO2 via internal and external mass transfer mechanisms. Generally the
extraction process consists of three periods. The first part of extraction, the constant
extraction rate period or solubility-controlled period, is governed by the solubility
equilibrium between the CO2 solvent and extract. The transition period starts when
diffusion-controlled mass transfer occurs and extraction rate decreases. Finally diffusion
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completely controls the mass-transfer process, the extraction is said to be in a diffusioncontrolled period. Diffusion of the extracts through the bulk material becomes a more
integral part of the extraction process and product accumulation over time approaches
zero (Reverchon et al., 2000; Sovova et al., 2005).
High-pressure CO2 explosion is a process of rapid release of pressurized CO2 by
quickly opening an exit valve. Different names of similar processes were used in
published literature, such as explosive depressurization, rapid depressurization, explosive
decompression, flash decompression, flash discharge, blowdown, etc. This process was
developed for some chemical and biological applications to treat the sample in a highpressure vessel. For example, this process was investigated for sterilization (Spilimbergo
et al., 2006; White et al., 2006; Zhang et al., 2006), activation and denaturation of
enzymes (Bauer et al., 2000; Dunford et al., 1996), disruption of microbial cells to aid
extraction (Castor et al., 1995), and pretreatment of lignocellulosic substrates (Kim and
Hong, 2001; Zheng et al., 1998). The mechanisms for these applications involve
mechanical cell rupture, chemical and biochemical modification of structure of treated
sample and their synergistic effects, taking several advantages of high-pressure carbon
dioxide. The mechanism of cell disruption by pressure gradient for the application of
explosion process was proposed and supported by X-ray and NMR examination (Zheng
et al., 1998) and by scanning electron microscopy (Gaspar et al., 2001).
In order to extend the solubility-controlled period and improve the later diffusioncontrolled period, some technologies were developed for improvement of extraction by
disrupting the cell wall, e.g. high-pressure homogenizer, agitation of biomass with glass

23

beads, and even ultrasonification. High-pressure CO2 explosion could take some physical
and chemical advantages of supercritical CO2, comparing to the high operation
temperature of steam explosion. Pretreatment using supercritical CO2 explosion on pure
cellulose and industrially processed materials improved glucose yield as much as 50%
(Zheng et al., 1998). Explosion effects on pine and aspen resulted in glucose yield 12 to
14% beyond untreated materials (Kim and Hong, 1998). Gaspar et al. (2001) studied the
disruption of essential oils glandular trichomes by contact with compressed CO2 followed
by rapid decompression at isothermal conditions, 37°C. The efficiency of the disruption
process was deduced from the results of subsequent extraction tests using compressed
CO2 under standard conditions. They found pre- and post-expansion pressures, exposure
time and the rate of decompression have a significant effect on the efficiency of the
disruption process. Gaspar et al. (2003) proposed a theoretical model for the evaluation of
the disruption efficiency of essential oils glandular trichomes (glands) with compressed
CO2. The glands were described as closed structures slightly permeable to CO2. The gas
slowly penetrated the glands and dissolves in the intraglandular oil until the solubility
limit was reached. During the fast decompression of the bed, the dissolved gas was
desorbed from the oil phase and discharged to the bulk solvent. The inability of the
glands to discharge gas generated a pressure gradient across the glands that might lead to
its rupture. In the model, the excess pressure was described by an equation similar to
Hagen-Poiseuilles formula for viscous flow due to a pressure gradient. Cantrell and
Walker (2006) investigated the integration of current SFE technology with an explosion
process and applied these techniques to microbial metabolite recovery. These two
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downstream processing techniques could work consecutively without the need to transfer
the materials from one unit to another. The effect of explosion pretreatment on the
biomass was evaluated by the extractability of PUFAs. The results showed the
pretreatment with a 60 min saturation time did result in a statistically significant increase
in extraction yield over the control. The explosion pretreatment at 10.3 MPa and 60 min
provided the highest oil extraction yield of the four treatments, while the treatment at
10.3 MPa and 20 min showed no statistical enhancement of SFE over the control.
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CHAPTER 3
ADDITION OF POLYUNSATURATED FATTY ACIDS TO CANOLA OIL BY
FUNGAL CONVERSION

Abstract
For the production of polyunsaturated fatty acids (PUFAs) by fungal
fermentation, the supplement of plant seed oil could promote the accumulation of
PUFAs. Higher yields have also been observed when using organic nitrogen sources
compared to inorganic nitrogen sources. Canola materials including processed flake, cake
and meal were investigated as both of the carbon and nitrogen sources for the production
of value-added oil. With conversion of the fungi Mortierella alpina, the modified lipids
enhanced oil profile with the addition of three PUFAs, γ-linolenic acid (GLA, γC18:3n6), arachidonic acid (ARA, C20:4n6) and eicosapentaenoic acid (EPA, C20:5n3).
The ratio of polyunsaturated to saturated fatty acid (P/S) increased 50% compared to the
original canola oil. In the light of the lipid production, ARA yield of 20.3 mg/g flake was
comparable to 20.1 mg/g glucose, and higher than 12.5 mg/g cake. EPA yield of 3.3 mg/g
flake was greater than 2.7 mg/g cake, and much greater than 0.3 mg/g glucose. The
mixed culture of two strains, Mortierella alpina and Pythium irregulare, resulted in
higher production of ARA and EPA than their single cultures. Mixed culture achieved
ARA yield of 26 mg/g flake, 23 mg/g cake and 38 mg/g glucose, and had favorable lipid
profiles with P/S of 6.5 and 8.7 for growth on flake and cake, respectively. When in
combination different oils with canola meal were used as substrates, corn and olive oil
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produced higher ARA, and lower EPA than canola and soybean oil. The olive oil yielded
the highest ARA content of 48.9 g/g substrate, and canola oil yielded the highest EPA
content of 5.7 g/g substrate. In addition, a method was developed to estimate the
bioconversion rate from digested canola oil to fungal oil, where the rate was nearly 50%
when canola flake and cake were utilized as substrate.

3.1. Introduction
Polyunsaturated fatty acids (PUFAs) in food additives and pharmaceuticals have
shown the potential for health benefits towards heart and circulatory disorders and
cancer, as well as inflammatory diseases (Jang et al., 2005). Arachidonic acid (ARA,
20:4n6) is one of the essential PUFAs and a precursor of many important eicodanoids,
such as prostaglandins, thromboxanes, and leukotrienes (Gill and Valivety, 1997). Good
nutritional sources of ARA include animal livers and egg yolks. However, ARA content
in these sources is relatively small and alternative sources are currently sought.
Eicosapentaenoic acid (EPA, C20:5n3) had unique biological activities in the prevention
and treatment of a number of human diseases and disorders as an important intermediate
in eicosanoid metabolism (Simopoulos, 1989). Marine fish oil supplements are the major
commercial sources of EPA, but fish oil typically has objectionable tastes and odors and
may contain cholesterol and pollutants such as mercury (Belarbi et al., 2000). Mortierella
and Pythium species are the most intensively studied fungal microorganisms that produce
high amounts of ARA and EPA (Certik and Shimizu, 1999). Production of ARA and
EPA by the fungus Mortierella was studied using glucose as a carbon source and yeast
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extract as a nitrogen source (Bajpai et al., 1991; Eroshin et al., 2000; Higashiyama et al.,
2002; Jang et al., 2005; Singh and Ward, 1997). ARA and EPA are now produced by
industrial cultivations of Mortierella alpina in several countries (Hwang et al., 2005).
Plant seed oil supplement to culture media was investigated for the accumulation
of ARA and EPA (Shinmen et al., 1989; Jang et al., 2005). Plant fatty acid biosynthesis is
carried out extensively in the plastid by the fatty acid synthase complex. Though plant
seed oils provide the main commercial source for C18 PUFAs, they typically do not
contain long chain PUFAs (C>18). A number of separate desaturase/elongase enzymes
were required for fatty acid synthesis to long chain PUFAs (Ward and Singh, 2005).
Addition of vegetable oil to basal media significantly enhanced the ARA and EPA yield.
Some of the fatty acid supplements (C18:1, C18:2 or C18:3 as major fatty acids) were
utilized as precursors for ARA and EPA synthesis. Some research has shown that organic
nitrogen was better for fungal growth and PUFA accumulation than inorganic nitrogen.
Totani et al. (2000) reported that when peptone and wheat bran were used as nitrogen, a
high ARA productivity of 11 g/l was obtained. Only a small amount of biomass was
obtained in the media comprising of NH4NO3, NaNO3, KNO3 or (NH4)2SO4 as nitrogen
sources, suggesting that Mortierella fungi hardly assimilated inorganic nitrogen sources,
and required amino acids or protein to produce considerable amounts of biomass. Singh
et al. (1997) also reported when NaNO3 was replaced with corn steep liquor ARA yield
was significantly improved.
To reduce the process cost of large-scale production of ARA and EPA, some
inexpensive substrates were used as alternative media, e.g. soybean meal, rape meal and
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mustard meal (Zhu, 2003), creating a promising potential for utilizing agricultural and
food processing wastes and byproducts. Cheng et al. (1999) investigated the fungal
production of ARA and EPA using industrial waste streams, sucrose waste stream
(SWS), soybean meal waste stream (SMW) and crude soybean oil (SBO). The highest
EPA yield was 1.4 g/l in the medium composed of 4% SBO and 1% SMW at 12°C, and
the largest ARA yield was 2 g/l in the media composed of 4% SBO.
This study aimed to add long chain PUFAs, mainly ARA and EPA, to the canola
oil through fungal conversion of canola materials, including canola flake, cake and meal.
These materials were chosen as fermentation substrates for the fungus, Mortierella
alpina, taking advantage of naturally available carbon and nitrogen sources, as well as
minerals. Canola oil has a well-balanced fatty acid profile with a low level of saturated
fatty acids, a relatively high level of monounsaturated fatty acids (C18:1), and an
intermediate level of polyunsaturated fatty acids (C18:2 and C18:3). Canola meal is also
a good source of protein for animals and a particularly rich source of sulfur amino acids
(Newkirk et al., 2003). The modified oil is intended as nutraceutical oil or as a
supplement for other value-added products.

3.2. Material and Methods
3.2.1. Microorganisms
Mortierella alpina (ATCC 32222) and Pythium irregulare (ATCC 10951) were
maintained on potato dextrose agar (PDA) plates and transferred every three weeks.
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3.2.2. Culture Substrates
Canola flake, cake and meal were donated by Archer Daniels Midland Company
(ADM, USA). In a commercial crushing plant, canola flake was processed from raw
canola seed after the processing of preheating, flaking and cooking. Canola cake was
formed after a screw pressing operation of flake removing 60-70% oil. Canola meal was
the residue of cake after solvent extraction and desolventizing operation. Figure 3.1
shows the appearance of canola materials with their oil contents.
Oil-freed flake was prepared after overnight soxhlet extraction of oily flake.
Soybean, corn (Southern Home®) and olive oil (Sempre Extra Virgin®) were purchased
from a local supermarket. Canola oil was extracted from canola flake using supercritical
CO2 of 5,000 psi and 50oC.

3.2.3. Fungal Cultivation
Submerged culture was conducted in 250 ml flasks in a refrigerated incubator
shaker (New Brunswick Scientific, USA). The inoculation preparation was modified
from Cheng et al. (1999), inoculating 1 cm2 of culture grown on PDA plate to 50 ml
media of 1.5 g glucose and 0.25 g yeast extract, and shaking at 25oC and 150 rpm for two
days. A two-day cultivated pellet was homogenized with a Polytron homogenizer (PT
1200 model, KINEMATICA, Switzerland) for 10 s at the highest rpm setting, and then
2.5 ml (5% v/v) mycelial suspension was inoculated to 47.5 ml media and incubated at
20oC and 150 rpm for 7 days. The media pH was around 6.3 without adjustment before
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autoclaving at 121oC and 15 min. These cultivation conditions were adapted based on the
optimal results for ARA and EPA production (Cheng et al., 1999; Jang et al., 2005).
In Experiment 1, each of 1.5 g canola flake and cake were used as substrate for
the culture of fungi, Mortierella alpina. The culture using the media containing 1.5 g
glucose and 0.25 g yeast extracts was used as a control of fungal growth and lipid
production.
In Experiment 2, the mixed culture was conducted by Mortierella alpina cocultivated with Pythium irregulare using the same substrate as in Experiment 1. Each of
1.25 ml mycelial suspension was inoculated, making a total of 2.5 ml (5% v/v) for
inoculation. The separate culture was conducted with 2.5 ml (5% v/v) inoculation of
single strain, Mortierella alpina and Pythium irregulare using the same substrates as for
mixed culture.
In Experiment 3, on the basis of 40% oil content of 1.5 g canola flake, 0.6 g of
each plant seed oil combined with 0.9 g canola meal were used as substrate for the
culture of Mortierella alpina. The culture of 0.9 g oil-freed flake and 0.6 g canola oil as
substrate was conducted for comparison.

3.2.4. Lipid Recovery
Fungal cells together with substrate residuals were harvested by suction filtration
and washed with distilled water. The wet biomass was dried in a 70oC oven overnight.
The dried biomass was extracted in a 50 ml centrifuge tube using 20 ml hexane,
homogenized with a Polytron homogenizer (PT 1200 model, KINEMATICA,
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Switzerland) for 5 min, kept in a water bath at 55oC for 10 min and centrifuged at 3,000
rpm for 10 min. Supernatant was transferred to another tarred centrifuge tube. The
extraction was repeated twice using 5 ml hexane, and supernatants were combined and
evaporated using a vacuum centrifugal evaporator (Savant instruments Inc., USA). The
dried biomass and evaporated lipids were measured by analytical balance.

3.2.5. Transmethylation and Lipid Analysis
Extracted lipids were converted to fatty acid methyl esters (FAMEs) using a rapid
transmethylation procedure (Christie, 1982). Aliquots of about 5 mg sample were
transferred to glass tubes. This aliquot was diluted with hexane to a volume of 0.5 ml. An
amount of 20 µl of 1 M sodium methoxide in dry methanol and 20 µl of 1 M methyl
acetate was added, and then the mixture was vortexed and allowed to react for 5 minutes.
The reaction was stopped by the addition of 10 µl of 1 M acetic acid. FAMEs were
extracted by adding 1 ml of hexane, vortexing, centrifuging and transferring the hexane
containing FAMEs to GC vial. FAMEs were analyzed using a HP6890 (Hewlett-Packard,
San Fernando, CA) gas chromatograph equipped with a HP7673A (Hewlett-Packard, San
Fernando, CA) automatic sampler. Separation was accomplished using a 100-m SP2560
(Supelco, Bellefonte, PA) capillary column (0.25 mm i.d. and 0.20 µm film thickness).
Column temperature was programmed to increase from 150 to 160°C at 1°C per min,
from 160 to167°C at 0.2°C per min, from 167 to 225°C at 1.5°C per min and held at
225°C for 5 min. The injector and detector were maintained at 250°C. Sample injection
volume was 1 µl. Hydrogen was the carrier gas at a flow rate of 1 ml per min with a split
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ratio of 1:25. Peaks were identified by comparison of retention time to reference
standards from Supelco (Bellefonte, PA). Fatty acids were quantified by incorporating a
known amount of internal standard, heptadecanoic acid methyl ester (C17:0) (Nu-check
prep Inc, USA) into each sample after methylation.

3.2.6. Statistical Analysis
Experimental data was subjected to analysis of variance with mean comparison
performed with the least significant difference test (LSD) at 95% confidence (α=0.05)
using Statistical Analysis System (SAS Ver. 9.1, SAS Institute, USA).

3.3. Results and Discussion
3.3.1 Lipid Profile and Production in Experiment 1
The separation of the fungal biomass from the residual substrate was not feasible,
so the extracted lipids consisted of the residual lipids in the substrates and those produced
by fungi. At the detectable level of >1 µg/ml in the present method, the profiles of the
lipids produced by fermentation using different substrates are shown in Figure 3.2 (FFLlipids produced by fermentation using canola flake; FCL-lipids produced by fermentation
using canola cake; FGL-lipids produced by fermentation using glucose and yeast
extracts; and UFL- lipids extracted from the unfermented (raw) canola flake). The
components of FFL and FCL were nearly indentical (the profile of FCL was not shown).
The results show that four components were new in the profile of FFL compared to UFL.
These four components consisted of trans C16:1, γ-C18:3n6, C20:4 (ARA) and C20:5
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(EPA). Only one new component, trans C16:1, emerged in FFL, which neither FGL nor
UFL contained. Overall, three new PUFAs, γ-C18:3n6, C20:4 (ARA) and C20:5 (EPA),
were added through fungal culture. Figure 3.3 shows the percentages of main components
of each lipid. The profile of FFL was extended to the fatty acids with longer chain and
higher polyunsaturation compared to the UFL. The ratio of polyunsaturated to saturated
fatty acid (P/S) increased from 4.0 for UFL to 6.2 for FFL. The FGL had the highest
ARA percentage of 63%, compared to 12% of FFL. However the P/S was as low as 2.8
due to the high saturated fatty acid content of 25% of total lipids. FFL had slightly lower
saturated fatty acid content of 6.6% compared to 7.5% of UFL. The FCL had a similar
profile to the FFL, with 6.3 of P/S ratio and ARA of 15.1%.
In the light of the lipid profiles, the FFL has the potential to be developed as a
nutraceutical oil with complete and balanced lipid constitutes, which has a low level of
saturated fatty acids, a relatively high level of monounsaturated fatty acids, and PUFAs.
Health professional organizations within and outside the United States had consistent
recommendations with an upper limit of intake of saturated fatty acids at 10% of dietary
energy and with reduced intake of trans fatty acids (Hunter, 2005). The eicosanoids from
ARA and EPA are structurally and functionally different and sometimes even
antagonistic in their physiological effects (Bajpai and Bajpai, 1993). Since ARA
metabolites were present in patients with cardiovascular disease, hypertension and
autoimmune disorders, a balance between n-3 and n-6 PUFAs was considered to be
necessary for appropriate platelet function, blood flow, blood viscosity, and membrane
fluidity (Simopoulos et al., 1989). The ratio of n-6 to n-3 PUFAs in maternal milk of
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humans ranges from 1 to 7. However, the present western diet is low in n-3 PUFAs
(ARA/EPA range of 10 to 14) (Leaf and Weber, 1987). Typical value for the ratio of
ARA to EPA is 2 to 20 for most Mortierella species (Shimizu et al., 1989). In this study,
the ARA/EPA ratio was 6.2 and 4.6 when using canola flake and cake as substrate,
respectively, compared to 67 when using glucose as substrate.
Trans C16:1 fatty acid was detected in trace amounts of about 0.2% of main lipid
components in both FFL and FCL. To the best of our knowledge, there has been no report
of canola flake or cake directly used as substrate of the fungi, Mortierella alpina, and the
formation of trans fatty acid. A fungus identified as Cladosporium sphaerospermum was
the first report of forming trans fatty acids (Kawashima et al., 1996). Several bacteria
also formed trans octadecenoic acids, where the growth increased at high temperature or
with phenol (Kawashima et al., 1996). Trans fatty acids were mainly produced during the
bio-hydrogenation of PUFAs to stearic acid by ruminant bacteria (Hazlewood et al.,
1976). There had been increasing evidence suggesting the benefits to human health of
trans and cis conjugated linoleic acid (CLA) of dairy products (Lawson et al., 2001).
However, no trans CLA was detected in all of UFA, FFA and FGA in this study. The
cis/trans isomerization occurred in the bacteria, Pseudomonas putida P8, and cis C16:1
was converted to trans C16:1, which was induced by phenol and 4-chlorophenol to adapt
the membrane fluidity for the protection from substrate toxicity (Heipieper et al., 1992).
In this study, isomerization of C16:1 was possibly transferred from cis C16:1 in the
original canola oil induced by the phenolics naturally present in the canola material. The
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total content of phenolics typically ranges from 1.5 to1.8% of dry defatted meal
(Kozlowska et al., 1990).
In the light of lipid production, when different substrates were used, ARA yield
was 20.3 mg/g flake substrate, which was comparable to the 20.1 mg/g glucose substrate,
and higher than 12.5 mg/g cake substrate. EPA yield of 3.3 mg/g flake was higher than
2.7 mg/g cake, and 10 fold higher than 0.3 mg/g glucose (Table 3.1). The yields of other
main fatty acids are shown in Appendix A (Table A.1)

3.3.2. Comparison of Mixed Culture of Two Fungi in Experiment 2
Separately, the fungus, Pythium irregulare, produced higher EPA than ARA, and
Mortierella alpina produced higher ARA than EPA (Certik and Shimizu, 1999;
Higashiyama et al., 2002). To increase the EPA content in the targeted oil and further
improve lipid profile, Mortierella alpina was investigated in the mixed culture with
Pythium irregulare. Table 3.2 shows the results of production of PUFAs and lipid
compositions. The results indicated that Pythium irregulare had lower ability than
Mortierella alpina to produce PUFAs using canola substrate at present culture conditions.
When canola flake was used as substrate, single culture of Mortierella alpina produced
equal ARA and higher EPA production compared to using glucose as substrate. Single
culture of Pythium irregulare yielded lower ARA and EPA compared to using glucose as
substrate, so the lipid profile was not significantly modified compared to the initial canola
oil, with only a small addition of PUFAs, 0.6% of ARA and 1.0% of EPA. When canola
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cake was used as substrate, Mortierella alpina also produced higher PUFAs than Pythium
irregulare.
Interestingly, the mixed culture produced higher lipids than pure culture. The
ARA production in mixed culture was greater than the sum of two single cultures. This
indicated that Pythium irregulare possibly promoted the growth of Mortierella alpina
with higher ARA and EPA yields. The lipid profiles from the separate cultures of two
strains were quit different. However the profile from the mixed culture was much like the
lipid profile of Mortierella alpina compared to Pythium irregulare. The ARA yield
increased 88% from 20 mg/g glucose for Mortierella alpina culture to 38 mg/g glucose in
mixed culture. When canola flake and cake were used, the ARA yield increased 30% and
83%, respectively, and the EPA yield increased 30% and 37%, respectively. As a result,
the mixed culture achieved the highest ARA yield of 26 mg/g flake, 23 mg/g cake and 38
mg/g glucose, and had favorable lipid profile with P/S of 6.5 and 8.7 for flake and cake,
respectively. The yield of ARA using glucose was higher than using flake and cake,
while the EPA yield was lower. The yields of other main fatty acids were shown in
Appendix A (Table A.2)
According to previous studies, the maximum ARA production of Mortierella
alpina was obtained at 20oC, while maximum EPA production of Pythium irregulare was
obtained at a lower temperature of 12oC. The optimal culture time for maximum PUFA
production had some difference between these two strains (Jang et al., 2005; Cheng et al.,
1999; O’Brien et al., 1993; Stinson et al., 1991). In this experiment, the cultures were
conducted based on the optimal conditions for culture of Mortierella alpina. Unfavorable
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culture conditions might explain the lower production of EPA from Pythium irregulare,
either in single or mixed culture.

3.3.3. Comparisons of the Cultures Using Different Oils in Experiment 3
To compare with the canola oil, three other commercial edible oils, soybean, corn
and olive oil, were chosen (Table 3.2). Canola oil had higher oleic acid and mid-range of
linoleic acid; soybean and corn oil had similar profiles with higher linoleic acid and midrange oleic acid, while olive oil contained the highest oleic acid. Only soybean oil
contained γ-linolenic acid (0.3%). Table 3.3 shows the results of modified lipid
compositions and the production of PUFAs. The results show that canola meal plus
canola oil yielded the highest ARA and EPA; freed flake plus canola oil produced the
second highest yields; and the yields when directly using oily flake as substrate were the
lowest. These results might indicate that: (a) the freed oil was more accessible compared
to that contained in the flake matrix; (b) the meal was more digestible than flake after
being extruded and distilled during oil processing; and (c) the oil-free flake was probably
more digestible as the nitrogen source than oily flake because of its porous structure after
the oil was extracted.
For the different oils and canola meal used as substrate, corn and olive oil yielded
higher ARA, and lower EPA than canola and soybean oil. Olive oil contained the highest
ARA of 48.9 mg/g substrate, and canola oil yielded the highest EPA of 5.7 mg/g
substrate. From the viewpoint of the ARA/EPA ratio, canola had a low value of 7.3,
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followed by 11.7 for soybean oil. Corn and olive oils had much higher ratios of 43.0 and
40.8, respectively, due to high ARA and low EPA (Table 3.3).
Higher yields of ARA and EPA were achieved by supplement of plant oils (Jang
et al., 2005; Shinmen et al., 1989; Singh and Ward, 1997). Soluble starch and yeast
extracts supplemented with 1% corn and soybean oils were investigated as substrate for
the production of PUFA using Mortierella Alpina (ATCC 32222) (Jang et al., 2005). The
results showed that the supplement of soybean oil produced higher ARA than the
supplement of corn oil. This result conflicted with the results of this study, which may be
due to different media compositions. Different lipid profiles and yields usually resulted
from different media and cultural conditions, e.g. carbon and nitrogen source, C/N ratio
and temperature. Bajpai et al. (1991) investigated the direct utilization of olive oil and
linseed oil as carbon sources in the HD medium for ARA production using Mortierella
alpina (ATCC 32222). HD medium contained yeast extract, KNO3 and other salts.
Treatments with both linseed and olive oils resulted in higher biomass production and
lipid content of biomass than other carbon sources, e.g. glucose, starch and glycerol.
However, treatments with linseed oil produced very low ARA content in biomass.
Treatment with olive oil produced comparable ARA content in biomass to that produced
from glucose and higher than from starch. However, the ARA content of lipids was much
lower with 17.8% than both of glucose (54.2%) and starch treatments (52.0%). In this
study, olive oil achieved 36.7% of ARA content of lipids, although still lower than
glucose with 62.4%, however, the total ARA yields was 2.9 g/l, much higher than yields
from glucose with 1.2 g/l. The different results might come from different compositions

44

of substrate and cultural conditions. EPA content of biomass and yield was not reported
by Bajpai et al. (1991).
Shimizu et al. (1989) investigated the conversion of linseed oil to oil rich in ARA
and EPA by Mortierella alpina, and the pathway for biosynthesis of ARA and EPA was
presented to support the experimental results. There were two routes, n-6 and n-3 routes,
for EPA synthesis (Figure 3.4). The n-6 route was mainly from linoleic acid, γ-linolenic
acid to ARA, and then ARA was converted to EPA by the methyl-end directed
desaturation mainly at low temperature (6-16ºC). The n-3 route starting from α-linolenic
acid could also form EPA. Both n-6 and n-3 routes competed with the shared enzymes for
∆6-desaturation, elongation and ∆5-desaturation. At the experimental temperature of
20ºC, EPA formation should mainly involve the n-3 route instead of the n-6 route. This
might explain why the EPA (0.5 mg/g) yield using glucose as substrate was much lower
than flake (5.0 mg/g) and cake (4.0 mg/g), because α-linolenic acid rich in canola flake
and cake might have a great contribution to the higher EPA yield by the n-3 route (Table
3.1). In the present experiment, oil from substrate was utilized as both of a carbon source
and precursor for the synthesis of ARA and EPA. The formation of ARA appeared to
mainly depend on the n-6 route. Mortierella alpina synthesized a high yield of γ-linolenic
acid in all of the FFL, FCL and FGL as the potential intermediate for the formation of
ARA. The conversion of γ-linolenic acid to ARA might be different when different
substrates were used because both the n-6 and n-3 routes shared the same enzyme
complex.
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3.3.4. Method Development to Estimate Bioconversion Rate
Due to the difficulty of complete separation of fungal biomass from residual
substrate, extracted lipids were the mixture of residual lipids in the substrate and those
produced by fungi. A method to estimate total fungal lipids was developed, and then the
conversion rate from digested canola lipids to fungal lipids was calculated.
Because γ-linolenic acid, ARA and EPA were produced by fungi, but not present
in initial canola oil (Figure 3.2), their percentages to the total fungal lipids could be used
to estimate the total fungal lipids mixed in total lipids. The partial fungal biomass was
separated manually from the broth and dried, and then the fungal lipids were extracted
and analyzed. According to the lipid profile, the percentages of γ-linolenic acid, ARA and
EPA in the fungal lipids were 3.8, 29.0 and 5.1%, respectively, using canola flake as
substrate, and 4.3, 29.5 and 4.8%, respectively, using canola cake as substrate. The total
fungal lipids (Li) were calculated using the following formula.

Li =

Wi
Pi T

(3.1)

Where, Wi is the quantified weight using internal standard for each fatty acid (γ-linolenic
acid, ARA and EPA); Pi is the percentage of each fatty acid in fungal lipid profile; T is
the detectable rate of lipids, which was the quantified weight using internal standard for
all fatty acids divided by the initial weight of lipids before transmethylation and analysis.
In the present transmethylation method and measurement equipment, T was about 52%.
This T value was used without considering its possible differences from the specific
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detectable rate for each fatty acid, γ-linolenic acid, ARA and EPA. Theoretically, the
values estimated using each percentage (Pi) should be the same, but may differ actually
due to transmethylation or measurement error. So three estimated values were averaged
as the final value of fungal lipids (L).
The conversion rate (R) was simply defined as the ratio of the weight of lipids
produced by fungi over the weight of canola lipids digested by fungi without considering
the detailed carbon flow in metabolism pathway or the other nutrients fungi may utilize.
The value was calculated in the following formula.

R=

L
× 100%
Wc − (Wt − L)

(3.2)

Where, Wc is the weight of the total canola lipids in the substrate before fungal
conversion; and Wt is the weight of the total extracted lipids after fungal conversion.
The weight of lipids mixed in the final product and the conversion rates were
shown in Table 3.4. More fungal lipids were produced when canola flake was used as
substrate than canola cake, but the conversion rate was lower, which were 47% for canola
flake compareed to 59% for canola cake. This result indicated that the fungi could
convert only about half of the digested canola lipids to fungal lipids. However, the lower
lipid yields expected to be compensated by higher quality with the improvement of lipid
composition by the addition of PUFAs. In previous research, the results showed that the
total lipids in biomass decreased after the retardation phase, and the contents of ARA and
EPA increased in a time-dependent manner (Certik and Shimizu, 2000; Singh and Ward,
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1997; Yuan et al., 2002). The results showing an increase of ARA yields with a decrease
of the lipids in biomass might indicate that fungi may digest the self-produced lipids, and
then convert to low amounts of total lipids containing higher content of PUFAs.
Conversion rates were not reported in the previous research using vegetable oil as
supplement for fungal culture. Zhu and Walker (2002) reported that the lipid yield
increased 10%, compared to the initial oil in rice bran, which was used as a medium of
culture for EPA production by fungi, Pythium irregulare.
Figure 3.5 shows the composition of fungal lipids using different substrates
(FFFL-fungal lipids produced by fermentation using canola flake; and FCFL-fungal
lipids produced by fermentation using canola cake). The results more directly show how
the fungal lipids resulted in an improvement of lipid quality by the addition of PUFAs,
compared to the Figure 3.3, which shows the percentages of mixed lipids of fungal lipids
and residual canola oil. The FFFL contained 33% of ARA and 5.8% of EPA. The FCFL
contained 34% of ARA and 5.5% of EPA. Both of FFFL and FCFL showed the profiles
extending to the fatty acids with the longer carbon chain and polyunsaturation compared
to UFL; and the percentages of C18:1 and C18:2 were decreased, which may be
synthesized to ARA or EPA as a precursor. Both of FFFL and FCFL contained lower
contents of ARA, but higher content of EPA than FGL, containing 62% of ARA and
1.0% of EPA. Furthermore, the profiles of fungal lipids were quite different when using
canola substrates compared to using glucose and yeast extracts.

48

3.4 Conclusions
This study showed the feasibility of utilization of canola materials to produce
lipids containing target PUFAs in submerged fermentation of the fungi, Mortierella
alpina. Canola flake or cake could provide the nutrients for fungal growth and lipid
accumulation, e.g. supplying carbon and nitrogen sources, and salts. After fungal
conversion, the modified lipids resulted in oil profile with addition of three new PUFAs
and improved P/S and ARA/EPA ratio compared to the original canola oil. The improved
oil could be value-added as potential novel nutraceutical oil, or to supplement other
products. In the light of lipid production, ARA yield of 20.3 mg/g flake was comparable
to 20.1 mg/g glucose, and higher than 12.5 mg/g cake. The EPA yield of 3.3 mg/g flake
was higher than 2.7 mg/g cake, and much higher than 0.3 mg/g glucose. Trans C16:1 was
possibly detected in trace amounts of about 0.2% of total lipids.
The mixed culture of two fungal strains resulted in higher production than either
single strain in pure culture. Mixed culture achieved the highest ARA yield of 26 mg/g
flake, 23 mg/g cake and 38 mg/g glucose, and favorable lipid profiles with P/S of 6.5 and
8.7 for flake and cake, respectively. The optimal culture temperature and time were set
according to literature for Mortierella alpina in the present study. However, conditions
for optimal production for both strains could be further investigated to achieve higher
PUFA production and favorable ratio of ARA/EPA as well as P/S.
A method was developed to estimate the weight of fungal lipids in the mixed
lipids containing fungal lipids and the residual canola oil. Hence the bioconversion rate of
was evaluated as the ratio of the lipids produced by fungi divided by the canola oil
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digested by fungi. The bioconversion rate was as low as 50% based on the evaluation
method and experiment conditions in this study. However the potential enhancement of
oil value through the addition of PUFAs was expected to compensate the reduction of oil
yield.
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Figure 3.1. Appearance of canola materials and oil contents.
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Figure 3.2. Lipid profiles produced using different substrates in Experiment 1 by fungi,
Mortierella alpina: (A) FFL-lipids produced by fermentation using canola
flake; (B) UFL- lipids extracted from the unfermented canola flake; and (C)
FGL-lipids produced by fermentation using glucose and yeast extracts.
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Figure 3.3. Lipid compositions, the means of triplicates (n=3) varied by less than 5% for
Experiment 1 using single strain, Mortierella alpina: FFL-lipids produced by
fermentation using canola flake; FCL-lipids produced by fermentation using
canola cake; FGL-lipids produced by fermentation using glucose and yeast
extracts; and UFL- lipids extracted from the unfermented canola flake.
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Figure 3.4. Metabolic pathways for the biosynthesis of ARA and EPA (adapted from
Shimizu et al., 1989).
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Figure 3.5. Fungal lipid compositions, the means of triplicates (n=3) varied by less than
5% for Experiment 1 using single strain, Mortierella alpina: FFFL-fungal
lipids produced by fermentation using canola flake; and FCFL-fungal lipids
produced by fermentation using canola cake FGL-lipids produced by
fermentation using glucose and yeast extracts; and UFL- lipids extracted from
the unfermented canola flake. The percentages of FFFL and FCFL were
estimated using a developed method described in 3.4 in the text.
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Table 3.1. Production using different canola substrates in single and two strains mixed culture. *
M.alpina plus P. irregulare

Pythium irregulare

Mortierella alpina

Without fungi
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Flake

Cake

Glucose

Flake

Cake

Glucose

Flake

Cake

Glucose

Flake

Cake

Total lipids (mg)

380.4a

179.3b

93.9c

439.3

186.0

105.8

416.6d

152.3d

113.1e

525.4

238.6

C20:4 (ARA)**

20.3 a

12.5 b

20.1a

1.3

1.1

2.1

26.3 c

22.5 d

37.7 e

N.D.

N.D.

C20:5 (EPA)**

3.3 a

2.7 b

0.3 c

2.1

1.7

3.1

4.3 d

3.7 d

0.3 c

N.D.

N.D.

P/S***

6.2a

6.3a

2.8b

5.4

5.5

1.1

6.5a

8.7c

2.9d

4.0

4.1

ARA/EPA

6.2a

4.6a

67b

0.6

0.6

0.7

6.1a

6.1a

125.6c

N.D.

N.D.

*Values are the means of triplicate that varied by less than 5%; The results were from Experiment 1 and 2; Different letter
means statistically significant (p<0.05) according to LSD test; The values for strain, Pythium irregulare, were not
statistically compared due to their obvious differences from others; **Values are mg/g substrate, based on each of 1.5 g
substrate; N.D.: not detected; ***P/S means the ratio of polyunsaturated over saturated fatty acids.

Table 3.2. Lipid compositions (%) of main components in canola oil extracts, and
soybean, corn and olive oil.*

*Values were the means of duplicate quantified by the method described in 3.5 in the
text; **SFE-supercritical fluid extraction; Hexane-hexane extraction.
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Table 3.3. Comparisons of production using different substrates and supplement of oils.*
Flake**

Oil-freed flake
+ Canola oil

Meal +
Canola oil

Meal +
Soybean oil

Meal +
Corn oil

Meal +
Olive oil

Dry biomass (mg)

1156

1212

1133

1156

1165

1153

Total lipids (mg)

437.4

405.6

371.2

404.6

385.6

402.9

C20:4 (ARA)***

25.9 a

33.2 b

41.7 c A

39.7 B

47.3 C

48.9 C

C20:5 (EPA)***

3.9 a

4.9 b

5.7 c A

3.4 B

1.1 C

1.2C

ARA/EPA

6.6a

6.8a

7.3aA

11.7B

43.0C

40.8C

*Values are the means of duplicate (n=2) varied by less than 5% from Experiment 3
using single strain, Mortierella alpina; **Different values from those in Table 3.1
because of different experiment; *** Values are mg/g substrate based on 1.5 g
substrate. Different letters (within the same cap) mean statistically significant (p<0.05)
according to LSD test.
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Table 3.4. Lipid weights and the calculated bioconversion rates.*
Lipids (mg)

Flake

Cake

Total lipids before culture (Wc)

525.4

238.6

Total lipids after culture (Wt)

380.4

179.3

Residual canola lipids (Wt– L )

251.9

94.8

Fungal lipids ( L)

128.5

84.5

Bioconversion rate (R ) (%)

47.0

58.8

*Values are the means of triplicate from Experiment 1 using 1.5 g substrate for the
culture of single strain, Mortierella alpina.
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CHAPTER 4
CHARACTERIZATION OF HIGH-PRESSURE CARBON DIOXIDE EXPLOSION TO
ENHANCE OIL EXTRACTION FROM CANOLA

Abstract
The change of pressure, temperature and phase during high-pressure carbon
dioxide explosion process were investigated. Different initial temperature and pressure
conditions were chosen, ranging from 25 to 65°C and 500 to 3,000 psi covering initial
liquid, supercritical and gas phases. Under certain initial conditions with low temperature
and high pressure, the depressurization process caused a phase change that increased the
release time where the depressurization-time curves did not exponentially decrease. This
explosion process was characterized based on total release time, rate of depressurization,
and effect of phase change on the rate of depressurization. The temperature change
associated with the change of pressure was also discussed. Canola flakes were exploded
using chosen initial conditions. Oil extraction from canola flakes using supercritical
carbon dioxide was improved after explosion treatment. Explosion at 35°C and 3,000 psi
of initial condition resulted in the highest oil yield.

4.1. Introduction
High-pressure CO2 explosion is a process of rapid release of pressurized carbon
dioxide by quickly opening an exit valve. Different names of similar processes were used
in published literature, such as explosive depressurization, rapid depressurization,
explosive decompression, flash decompression, flash discharge, blowdown, etc. The
process of rapid depressurization of a gas storage cylinder or vessel through an orifice or
nozzle was theoretically and experimentally studied using air, hydrogen and nitrogen as
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model gases in early work (Byrnes et al., 1964; Addy and Walker, 1972; Dutton and
Coverdill, 1997). These works concentrated on modeling and experimental comparison of
fluid thermodynamic processes for pressure-time and temperature-time changes.
The explosion process was developed for some chemical and biological
applications to treat the sample in a high-pressure vessel. For example, explosion
processes were investigated for sterilization (Spilimbergo et al., 2002; White et al., 2006;
Zhang et al., 2006), activation and denaturation of enzyme (Dunford and Temelli, 1996;
Bauer et al., 2000), and pretreatment of lignocellulosic substrates (Zheng et al., 1998;
Kim and Hong, 2001). The mechanisms for these applications involve mechanical cell
rupture, chemical and biochemical modification of the structure of treated sample and
their synergistic effects, utilizing several advantages of high-pressure carbon dioxide. The
processes of rapid or flash depressurization were not quantitatively characterized for how
the depressurization was progressing rapidly with time and for the effect on the treated
sample in small volume vessels. However, the characterization for this dynamic process
of rapid depressurization is important either to understand the mechanism or to direct
further experimental design and analysis. Also, the phase behavior transition with the
decrease of pressure and temperature during decompression may considerably affect the
physical characteristics of treated samples.
To better understand the process of high-pressure explosion and its application for
biological processing, the change of pressure and phase within a high-pressure vessel
during the explosion process were investigated for carbon dioxide in this study. Initial
temperature and pressure conditions were chosen to encompass initial liquid, supercritical
and gas phases. Canola flake was investigated as a biological model system for the effect
on extractability of canola oil using supercritical carbon dioxide after the explosion
pretreatment.
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4.2. Experimental Equipment and Methods
4.2.1. Experimental Equipment
Figure 4.1 shows the explosion apparatus, which consisted of five major
components: syringe pump (ISCO, USA), high-pressure vessel (Thar Design, USA),
quick-open ball-valve (Swagelok, SS-83KS4-31C, USA), temperature controlled water
bath and data acquisition system. Omega flow meter (Omega Engineering, FMA-2305,
USA) was used to measure flow rate of effluent CO2 gas at atmospheric conditions. This
apparatus could be used for explosion, extraction or extraction following explosion. The
system was set for explosion if valve V3 was closed and for extraction if kept open. The
quick-open valve pneumatically actuated by 100 psi nitrogen gas was mounted to rapidly
release the pressure inside the vessel.
A computerized data acquisition system for rapid collection of pressure and time
data was developed for this apparatus. The data acquisition board (PCI-DAS08 ) was
purchased from Measurement Computing Corporation, USA. The system software was
programmed using Visual Basic. The sampling frequency of the PX-305 pressure
transducer (Omega Engineering, PX-305, USA) could be set in the range from 5 to 100
KHz. The data were automatically saved to a spreadsheet file in Microsoft Excel.

4.2.2. Method for Explosion Process
Once all tubing connections were secured and the pneumatically actuated ballvalve was closed, the vessel was pressurized with CO2 from the syringe pump until the
experimental set pressure was achieved and held for 30 min to allow CO2 and sample (if
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for treatment of sample) to reach the set experimental temperature. Then the valve
between the vessel and pump was closed preventing gas exchange during the
depressurization process. The data sampling frequency and duration were set with the
software. Finally a rapid pressure release from saturation pressure to atmospheric
pressure was imposed by opening the valve to activate the pneumatically actuated ballvalve using 100 psi nitrogen. Data were acquired at a sampling frequency of 500 Hz and
duration of 10 s to characterize the rate of pressure decrease within the vessel.
A 75 ml vessel was coupled with frits at both ends to evenly distribute the fluid
and to prevent treated sample from exiting the vessel. The structure and dimension of
extraction were shown in Appendix B (Figure B.1). The explosions were compared, with
or without frit and with or without canola flake sample. The canola flake was donated
from Archer Daniels Midland Company (ADM, USA). Canola flake was the product of
raw canola seed after the processing of preheating, flaking and cooking in the crushing
plant. Prior to experiments, canola flake were stored at -20°C for approximately 8
months. The flake particle size ranged from 1 to 2 mm and had moisture content of 4%
wet weight. Canola flake (10 g) was loaded in the vessel for each run. Three tests were
conducted, without frit and canola sample (Case A), with frit and without canola sample
(Case B) and with frit and canola sample (Case C). After the explosion process, the
canola was frozen at -20°C overnight before supercritical CO2 extraction.
Explosions were carried out in each test, under 5 different initial temperatures,
25, 35, 45, 55, and 65°C, at the same initial pressure of 1500 psi. Explosions were also

66

conducted at 4 different initial pressures, 500, 1,000, 1,500 and 3,000 psi at the same
initial temperature of 35°C.

4.2.3. Method for Supercritical CO2 Extraction
Exploded canola flake (10 g) for Case C was loaded into the vessel. The vessel
was pressurized to 5,000 psi, and the bath temperature was set to 50°C. After 30 min
equilibration time, valve V3 and the micro-control valve were opened to produce a flow
rate of approximately 700 ml/min. Unexploded canola flake was considered the
experimental control and extracted under the same condition, 5,000 psi, 50°C and 700
ml/min flow rate. The extracted oil was trapped by glass beads in a 50 ml tarred
centrifuge tube and weighed after 30 min, 1 h, and on the hour for a total extraction time
of 7 hours. To address the potential loss of oil during the explosion process, a mass
balance determined that the amount of oil co-extracted during explosion was considered
negligible at less than 0.4% of the total oil.
For modified extraction, 10 g canola flake was extracted for 3 h under the same
extraction condition as above. After the internal pressure of vessel was slowly decreased
to atmosphere, valve V3 was closed, and the flake was exploded by activating the quickopen valve under the same conditions as in Case C. After the quick-open valve was
closed, the same extraction pressure of 5,000 psi, temperature of 50°C and flow rate of
700 ml/min were then set for another 3 h extraction. The extracted oil was trapped by
glass beads in a 50 ml tarred centrifuge tube and weighed after each hour interval.
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4.2.4. Oil Composition Analysis
The procedure and methods for transmethylation and oil analysis were the same
as those in Chapter 3 (3.2.5.). Soxhlet extraction using hexane was employed for the
canola feedstock to determine total oil by conducting the extraction until oil was
completely depleted in the sample as determined by weight. Fisher Chemicals provided
all reagents in this work unless otherwise noted.

4.2.5. Statistical Analysis
Experimental data was subjected to analysis of least significant difference test
(LSD) of multiple comparisons or Dunnett’s test at 95% confidence (α=0.05) by
Statistical Analysis System (SAS Ver. 9.1, SAS Institute, USA).

4.3. Results and Discussion
4.3.1. Pressure-time History of Explosion
The pressure-time curves for different initial pressures at 35°C are shown in
Figure 4.2. Similar trends for Cases A, B and C were observed. At initial pressures of 500
and 1,000 psi, the CO2 was gaseous in the sub-critical phase. The depressurization curves
are smooth, where the pressure decreased gradually within a short time of several
seconds. At initial pressures of 1,500 and 3,000 psi, the CO2 was in supercritical phase.
The depressurization curves have two obvious sections, where pressure decreased quickly
in the first section and less so in the later section. The point of rapid transition or abrupt
break in the curve was determined by the inflection point or maximum change of
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depressurization rate. The data of total depressurization time, the pressure and time
corresponding to the point of abrupt break are shown in Table 4.1. The presence of frit
increased the depressurization time for Case B compared to Case A. For Case C, 10 g
canola flake samples filled 25 ml of the total 75 ml vessel, and decreased the
depressurization time due to reduced CO2 volume. On the other hand, canola flake
sample elongated the depressurization time due to its resistance. As a result, Case C had
the longest pressure release time compared to Case A and Case B. The longest time was
9.620 s for case C at 3,000 psi and the shortest total depressurization time was 0.728 s for
case A at 500 psi.
The pressure-time curves under different temperatures at 1,500 psi of initial
pressure are shown in Figure 4.3. Similar trends for Cases A, B and C were also
observed. At initial temperatures of 55°C and 65°C, the depressurization curves were
smooth. At initial temperatures of 25°C and 35°C, the depressurization curves again
contained two distinctive sections. At an initial temperature of 45°C, the
depressurization curve transitioned without a distinctive break. The data of total
depressurization time, the pressure and time corresponding to the point of abrupt break
are shown in Table 4.2. The total depressurization time decreased with an increase of
initial temperature in each case. This result was consistent with the viscosity behavior of
supercritical fluids, which decreased with increasing temperature at the same pressure.
Therefore, the fluids with lower viscosity depressurized more quickly. The frit and canola
flake filling showed a similar effect on total depressurization time for each initial
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temperature. The longest depressurization time was >10 s for Case C at 25°C and the
shortest time was 1.168 s for Case A at 65°C.

4.3.2. Comparison of Depressurization Rate
The rate of depressurization, ∆P/∆t, computed by corresponding data in Tables
4.1 and 4.2, is shown in Tables 4.3 and 4.4, respectively. The rate of depressurization
increased with the increase of initial pressure or temperature within each case (see
Figures 4.2 and 4.3). At each initial condition, the rate of depressurization decreases
following Cases A, B and C. Again worthy of interest was the situations in which twostage depressurization occurred. The total rate of depressurization was reduced at lower
initial temperature in each case. The rates of depressurizations had two stages for the
rapid and lag depressurization, compared to the smooth decompression. For example, for
Case C in Table 4.3, the depressurization rate of rapid depressurization section of the
curve was 5,577 psi/s and 104 psi/s for lag section at 3,000 psi initial pressure, compared
to 267 psi/s of total depressurization rate for the initial pressure of 1,000 psi (see Figure
4.2). This two-stage depressurization may affect the exploded sample differently
depending on its variety and physical properties.

4.3.3. Discussion of Experimental Results
The explosion process may be treated ideally as an adiabatic expansion, which
corresponds to an isenthalpic process. In the pressure-enthalpy diagram shown in Figure
4.4, lines with arrows perpendicular to X-axis indicated the isenthalpic depressurization.
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At initial pressure and temperature corresponding to points 1, 2, 3 an 6, the
depressurization curves cross the region where liquid and gas co-exist starting at the
saturated liquid line or saturated gas line, which are indicated by points 1′, 2′, 3′ and 6′.
The depressurization curves are not smooth, and the breaks occur at points 1′, 2′, 3′ and
6′. The pressures at points 1′, 2′, 3′ and 6′ have the same trend as the values measured in
the experiment shown in Tables 4.1 and 4.2 for each case, which increase following
points 1′, 6′, 3′, and 2′. At initial pressures and temperatures corresponding to points 4, 5,
7 and 8, the depressurization curves do not cross the region where liquid and gas co-exist,
so the curves are smooth and the transitions do not take place.
Furthermore, temperature inside the vessel decreases due to the expanding fluid
associated with the change of pressure. As shown in Figure 4.4, the isenthalpic
depressurization line intersects the triple point, which enables the formation of dry ice.
Higher initial pressure and lower initial temperature allow dry ice to form easier. The
formation of dry ice will lengthen the time of pressure release. Byrnes et al. (1964)
investigated temperature and pressure change of hydrogen and nitrogen gasses by
reducing pressure from 2,000 psi to 200 psi. The hydrogen gas temperature dropped from
21.1 to -37.8°C in 14 s decompression (Byrnes et al., 1964). Defect ceramic material was
formed in the supercritical CO2 extraction process during depressurization. A temperature
lower than -40°C was detected at the end of depressurization. The stress from dry ice that
formed within the ceramic body contributed more to the defect than that from the
pressure gradient between the fluid of vessel and the porous body (Shende et al., 2004).
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A rapid temperature drop to the freezing point may affect the viability of
organisms or properties of matrix material. The mechanism of cell disruption by pressure
gradient for the application of the explosion process was proposed and supported by Xray and NMR examination (Zheng et al., 1998) and by scanning electron microscopy
(Gaspar et al., 2001). To our understanding, another mechanism of cell disruption by
cryogenic effect or synergistic effects of cryogenic and pressure gradients should be
proposed. The extractability of essential oils from glandular trichomes treated by
compressed CO2 was similar to that treated by cryogenic comminution and better than
ambient comminution (Gaspar et al., 2001). A freezing process (e.g. cryogenic freezing,
dry ice freezing and liquid nitrogen freezing) was patented for pretreatment of biomass to
improve extractability (Jaouad and Anand, 2006). Based on these finding, canola flake is
a potential material that may be impacted by this freezing process.

4.3.4. Comparison of Model with Experimental Data
A model for the pressure-time history in “blowing down” a pressured gas tank
through a nozzle or an orifice was given under the isentropic and choked flow
assumptions (Byrnes et al., 1964; Addy and Walker, 1972; Saad, 1993; Dutton and
Coverdill, 1997). The thermodynamic properties of the gas in the vessel could be shown
to obey isentropic relations by applying the integral continuity and energy equations to
the control volume. For a large initial vessel pressure compared to the back pressure, the
exit would be choked during most portions of the depressurization process.
For the adiabatic case:
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For the isothermal case:
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where P is pressure in the vessel; Pi, initial pressure in the vessel; r, the gas specific heat
ratio; R, gas constant; t, time; V, vessel volume; A, area of vessel exit; and Ti, initial
temperature in the vessel. Gas specific heat ratio is the heat capacity at constant pressure
over heat capacity at constant volume.
In this system, the vessel volume, V, is 75 ml. The area of vessel of valve exit, A,
is 0.02 cm2 with 1.6 mm diameter. The gas specific heat ratio for CO2 is 1.3. For the
different initial pressures at the same 35°C of initial temperature, the theoretical and
experimental results of the explosion process are shown in Figure 4.5. For the 500 and
1,000 psi initial pressures, the experimental results are between the adiabatic and
isothermal theoretical results. For 500 psi initial pressure, the data fit well with the
adiabatic theoretical results. Significant heat transfer does not occur during the 1 s of
discharge. For 1,000 psi initial pressure, the data is better represented by the isothermal
assumption. Heat transfer is more significant during the 2 s of discharge. For the 1,500
and 3,000 psi initial pressures, the experimental results are not between the theoretical
results of adiabatic and isothermal models. At these conditions CO2 exhibits both gas and
liquid behavior, and the theoretical models based on ideal gas assumption are no longer
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suitable. In addition, the experimental results have obviously two-stage decompression
crossing the region of liquid/gas saturation curve. The exponential form of the theoretical
model did not fit well with these cases although the model worked well for the gasses of
air, hydrogen and nitrogen (Addy and Walker, 1972; Dutton and Coverdill, 1997).

4.3.5. Oil Extraction Aided with Explosion Process
The total oil of 10 g canola flake was 4.17 g determined by overnight Soxhlet
extraction using hexane. The cumulative curve of supercritical CO2 extraction had
convective-controlled, transition, and diffusion-controlled extraction rate periods (Figure
4.6). For the unexploded canola flake, the constant extraction rate period, defined by the
linear equilibrium relationship between solute and solvent, occurred during the first 3 h
until about 43% of the available oil was removed. After this period, the extraction rate
slowly decreased and eventually entered into a diffusion-controlled period after 7 h when
almost 63% of the oil was extracted. The mode of extraction curve was similar to that
obtained by Przybylski et al. (1998) under the extraction conditions, 6,000 psi, 40°C and
10 l/min flow rate, but the total extracted oil was lower probably because of lower flow
rates in this experiment. However, it was comparable to that obtained under similar
extraction conditions of 4931 psi and 40°C (Jenab et al, 2006).
For the exploded canola flake, the extraction curve was lower than that of
unexploded canola flake during the first 3 h extraction, but the extraction curve for the
exploded canola flake was higher than that of unexploded canola flake during the later 4
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h extraction. It seems that the explosion process extended the constant extraction rate
period and might improve solubility extraction of oil, resulting in more extracted oil.
The canola flake from a commercial crushing plant was processed with
preheating, flaking and cooking. To some extent, the cell wall of canola seed may have
been disrupted and the minute lipid particles coalesced to form large oil droplets, partially
moving onto the surface (Unger, 1990). The ruptured oil was normally easily extracted
during the constant extraction rate period. However, the explosion process may have
affected this coalesced oil in this experiment, which may explain the phenomena of the
lower oil extraction during the first 3 h after explosion treatment. One possibility was
due to the effect of oil loss in the explosion process. The oil dissolved in CO2 at different
initial explosion conditions was released with the high-pressure CO2. For example, at
35°C and 1,500 psi, the oil solubility of canola oil was about 0.5 mg/g CO2 and the
density of CO2 was 0.65 g/cm3 (Fattori et al., 1988). It was estimated that 16 mg oil
might have been released during the explosion process in this experiment. Another
possibility was that the explosion process broke the coalesced oil droplets and disrupted
the mixture of oil and solid matrix of canola flake, making this normally easily extracted
oil more difficult to extract if oil was first absorbed back into the substrate.
The reduced oil extracted in the first 3 h may result in more oil extracted in the
following 4 h, which could conceal both positive or negative effect of explosion on
extractability.
To minimize the effect of oil loss and the disruption of the coalesced oil from
explosion, the process was integrated after the surface oil was extracted in the first 3 h
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and followed by another 3 h of extraction. The explosion process was expected to
improve solubility-controlled extraction. The cumulative extraction curve for the later 3 h
is shown in Figure 4.7. The results showed that all explosion processes improved the oil
extractability with higher yields during the later 3 h extraction, except for the 500 psi
initial pressure at 35°C condition, most likely due to low initial pressure. At a pressure of
1,500 psi, extraction at temperatures of 25, 35 and 45°C did not result in significantly
different yields. However, the yield at lower temperature of 25°C was comparable to 35
and 45°C. This interesting result might show the cryogenic effect was more pronounced
than a penetration-improved effect of higher temperature of 45°C. At the temperature of
35°C, increasing pressures of 500, 1,500 and 3,000 psi resulted in the obviously higher
oil yields. The highest yield was achieved at initial condition of 35°C and 3,000 psi.
For the effect of temperature and pressure in the different range on enzyme
hydrolysis of pretreated lignocelluloses, both consistent and contentious results appeared
in different studies (Zheng et al., 1998; Kim and Hong, 2001). Higher glucose yields
were associated with the higher temperatures and pressures of explosion for cellulose
hydrolysis (Zheng et al., 1998). However, a higher glucose yield was obtained at a lower
explosion pressure of 3,100 psi compared to 4,000 psi at the same temperature of 165°C
for lignocellulosic hydrolysis (Kim and Hong, 2001). Other factors such as original
anatomical structure, moisture content of sample and pretreatment time contributed to the
results of pretreatment (Zheng et al., 1998; Gasper et al., 2001; Kim and Hong, 2001).
The results for the effect of temperature and pressure might be interpreted from other
multiple factors. The canola flake is a very oily material and should have its own
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explosion characteristics compared to other non- or low-oil materials. As noted in the
methods, canola flake was frozen overnight after explosion. The effect on the cell
structure was not measured in this study, but with 4% moisture, the freezing effect of
water during storage was expected to be very little in comparison to the potential effect of
saturated CO2 during the explosion process where rapidly falling temperatures occur
during CO2 expansion.
The fatty acid composition of oil for the percentages of the main components,
C16:0, C18:0, C18:1, C18:2, C18:3 and C20:0 had no significant difference compared to
oil extracted from unexploded flake according to Dunnett’s test at 95% confidence
determined by SAS, as shown in Appendix (Figure B.2).

4.4. Conclusion
The mechanism of high-pressure explosion for many biological applications is
still not clear. Initial pressure and temperature, which determine the phase and property
of CO2, were chief parameters. By combining the engineering and biological viewpoints,
the present study discussed phase transition and temperature change associated with
pressure-time history during the explosion process. The results are important to gain
understanding of the mechanism or to direct further experimental design and analysis.
The theoretical model of depressurization under the isentropic assumptions for
ideal gas worked for CO2 in subcritical conditions, but did not fit the experimental results
for supercritical CO2, especially when two-stage decompression occurred. A new model
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is required to represent the property of gas and phase change under different initial
conditions.
The improvement of oil extractability through high-pressure CO2 explosion
treatment was demonstrated using canola flake as a biological model system. The
explosion at an initial condition of 35°C and 3,000 psi resulted in the highest oil yield
after supercritical CO2 extraction. Different explosion conditions did not affect the
composition of the oil fatty acid. The potential application of this explosion process for
other materials need to be further investigated. For example, if the explosion process
could alternate the cooking process and achieve the purposes to improve oil
extractability, and deactivate the enzyme myrosinase at the same time. Then uncooked
canola flake could be directly used for supercritical CO2 extraction
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Figure 4.1. Schematic diagram of supercritical CO2 explosion and extraction apparatus.
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Figure 4.2. Pressure-time trace of carbon dioxide subjected to different pressures at the
temperature of 35°C for Case A: without frit in place and canola sample; Case
B: with frit in place and without loading canola sample; and Case C: loaded
with canola flake and frit in place. The data were the average of two tests.
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Figure 4.3. Pressure-time trace of carbon dioxide subjected to different temperatures at
the same pressure of 1,500 psi for Case A: without frit in place and canola
sample; Case B: with frit in place and without loading canola sample; and
Case C: loaded with canola flake and frit in place. The data were the average
of two tests.
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Figure 4.4. Schematic diagram of the pressure-enthalpy of carbon dioxide (referenced
from http://www.chemicalogic.com). The points corresponding to each initial
pressure and temperature were labeled by unfilled circle. Thin solid line
indicated the temperature. Critical point was labeled as a black filled cycle.
The region above the dished line indicated supercritical fluid. Thick solid lines
indicated the solid/liquid, solid/gas, liquid/gas and triple point, respectively.
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a

b

Figure 4.5. Theoretical and experimental curves of explosion process for Case C with (a)
500 and 1,000 psi initial pressure, and (b) 1,500 and 3,000 psi initial
pressures.
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Figure 4.6. Cumulative extraction curve following explosion process. The data were the
oil yields based on single extraction. Extraction conditions: 5,000 psi, 50°C
and 700 ml/min flow rate.

Figure 4.7. Cumulative extraction curve following intermittent explosion after 3 hours of
initial extraction. Extraction conditions: 5,000 psi, 50 °C and 700 ml/min flow
rate. Different letters show significant difference using LSD test (P<0.05) for
cumulative extraction yield after 3 hours.
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Table 4.1. Comparison of explosions under different pressures at the temperature of
35°C.
Initial
Pressure
(Psi)

Total Time (s)

Phase change time (s)
A

B

Phase change pressure (psi)

A

B

C

500

0.728

1.182

1.908

C

A

B

1000

1.328

2.203

3.748

1500

2.728

4.078

7.730

0.150

0.247

0.476

949

969

1000

3000

3.502

5.999

9.620

0.090

0.184

0.364

818

909

970

No abrupt change

C

No abrupt change

Note: the data were total depressurization time, the pressure and time corresponding to
the point of abrupt break shown in Figure 4.2.

Table 4.2. Comparison of explosions under different temperatures at the pressure of
1,500 psi.
Total Time (s)

Initial temperature
(°C)

Phase change time (s)

Phase change pressure (psi)

A

B

C

A

B

C

A

B

C

25

3.506

6.932

>10

0.074

0.082

0.206

797

838

878

35

2.728

4.078

7.730

0.150

0.247

0.456

949

969

1000

45

1.658

2.610

4.608

0.182

0.318

0.536

909

919

980

55

1.282

2.226

4.018

65

1.168

2.122

3.300

No abrupt change

No abrupt change

Note: the data were total depressurization time, the pressure and time corresponding to
the point of abrupt break shown in Figure 4.3.
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Table 4.3. Comparison of the rate of depressurization under different pressures at the
temperature of 35°C.
Rate of depressurization (psi/s)

Initial Pressure
(psi)

A

B

C

500

687

423

262

1000

753

454

267

1500

550
[3693]
(368)

368
[2150]
(252)

194
[1050]
(137)

3000

857
[24244]
(240)

500
[11364]
(156)

312
[5577]
(104)

Note: the data were calculated according to ∆P/∆t from the data in Table 4.2.
[ ]-rapid depressurization rate; ( )-lag depressurization rate.
Table 4.4. Comparison of the rate of depressurization under different temperatures at the
pressure of 1,500 psi.
Rate of depressurization (psi/s)

Initial temperature
(°C)
A

B

C

25

482
[9500]
(232)

216
[8073]
(122)

<150
[3019]
(<90)

35

550
[3673]
(368)

368
[2150]
(253)

194
[1096]
(137)

45

905
[3247]
(615)

575
[1827]
(401)

326
[970]
(241)

55

1170

674

373

65

1284

707

455

Note: the data were calculated according to ∆P/∆t from the data in Table 4.3.
[ ]-rapid depressurization rate; ( )-lag depressurization rate.
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CHAPTER 5
SUPERCRITICAL CARBON DIOXIDE PRETREATMENT OF CANOLA FOR
FUNGAL CONVERSION

Abstract
To enhance the yield of polyunsaturated fatty acids (PUFAs), a supercritical CO2
explosion process was investigated to improve the canola digestibility for fungal
fermentation. Canola cake and meal were exploded and utilized for fungal digestion both
in submerged and solid-state culture. Factorial design was conducted to analyze the effect
of temperature (35 and 65oC), pressure (3,000 and 6,000 psi) and saturation time (10 and
30 min) on the explosion effectiveness. The results showed that the explosion process did
not improve the yields of ARA and EPA when canola cake was tested. However,
different results of factorial analysis were observed in submerged and solid-state cultures
with or without autoclaving. When canola meal was tested, the explosion pretreatment of
65oC, 3,000 psi and 30 min did improve the yields of ARA and EPA. The exploded meal
without autoclaving achieved the highest yields of ARA, 40.9 mg/g substrate and EPA,
5.1 mg/g substrate. The raw meal with autoclaving produced the lowest yields of ARA,
8.3 mg/g substrate and EPA, 0.8 mg/g substrate. Another potential application of
supercritical CO2 treatment for sterilization was demonstrated in the solid-state culture
using canola meal without additional autoclaving. Some other possible effects on the
yield of ARA and EPA were also discussed, which were associated with the explosion
process.
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5.1. Introduction
Supercritical CO2 explosion process is analogous to the steam explosion and
ammonia fiber explosion processes, which have been extensively studied for pretreatment
of lignocellulosic materials, and improved their digestibility for eventual ethanol
production by fermentation (Duff and Murray, 1996; Wright, 1998; Sun and Cheng,
2002). Compared to these two processes, major advantages of supercritical CO2
explosion are the mild process conditions above critical point, 31.1oC and 7.38 MPa, and
the use of non-toxic, physiologically safe, and inexpensive solvent of CO2 for food,
pharmaceutical, and nutraceutical industries.
Supercritical CO2 explosion has been investigated for some biological
applications. For example, pretreatment of cellulosic materials were studied for
enzymatic hydrolysis of cellulose. Upon an explosive release of the CO2 pressure, the
disruption of the cellulosic structure increased the accessible surface area of the cellulosic
substrate for enzymatic hydrolysis (Zheng et al., 1998; Kim and Hong, 2001). Zheng et
al. (1998) reported that the explosion pretreatment enhanced the rate of cellulosic
material hydrolysis, as well as increased glucose yield by as much as 50%. Results from
the simultaneous saccharification and fermentation tests also showed the increase of
available carbon source from cellulosic materials for fermentation to produce ethanol. In
another study, Kim and Hong (2001) reported that explosion of pine and aspen resulted in
higher glucose yields of 12 to 14%, respectively, beyond untreated materials.
To enhance the yield of PUFAs, supercritical CO2 explosion process was
investigated to improve the canola digestibility for fungal fermentation in this study.
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Different canola materials were tested under different explosion conditions and utilized
both in submerged and solid-state culture. The effect of the explosion process on the
yield of ARA and EPA was evaluated, and some other possible effects on the yield of
ARA and EPA associated with this process were also discussed.

5.2. Material and Methods
5.2.1. Microorganism and Inoculums Preparation
Mortierella alpina (ATCC 32222) was maintained on potato dextrose agar (PDA)
plates and transferred every three weeks. Inoculum preparation was the same as that
described in Chapter 3 (3.2.3.).

5.2.2. Material and Explosion Treatment
Canola cake and meal were stored at -20oC in a sealed plastic bag. Prior to being
used, canola cakes were stored for 6 months and canola meal for 9 months. For
uniformity, the cake was screened within the range of 0.5-1.0 mm. The screened canola
cake had 15% oil content and 3.5% moisture. Canola meal was utilized originally for
experiment with less than 1% oil content and the moisture was 2.8%. The particle size of
canola meal was less than 0.5 mm.

5.2.3. Fungal Culture
Experiment 1: submerged culture using exploded canola cake; A 23 factorial
design was conducted for explosion pretreatment. The different explosion conditions
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were temperature (35 and 65oC), pressure (3,000 and 6,000 psi) and saturation time (10
and 30 min). Explosion equipment and operation procedure was described in chapter 4
(4.2.3.). Canola cake (10 g) was exploded each time, and stored at -20oC after explosion
treatment. Each treatment had two replicates. Before being used for fungal culture the
exploded cake had been stored 3 months. The exploded cake (1.5 g) was taken from each
explosion replicate for each submerged culture. Raw (non-exploded) canola cakes were
used as control. The culture method was the same as that described in Chapter 3 (3.2.3.).
Experiment 2: solid-state culture using exploded canola cake; The same canola
cakes exploded in Experiment 1 were used for solid-state cultures in 250 ml flasks. Nonexploded canola cakes were used as control. Exploded cakes (1.5 g) taken from each
explosion replicate were adjusted to about 70% moisture by adding 875 µl tap water.
After autoclaving with 121ºC and 15 min, 2.5 ml inoculums (preparation method was the
same as that in Experiment 1) was inoculated, and incubated at the same conditions as
that for submerged culture, 20ºC and 150 rpm for 7 days. Another experiment was also
conducted by directly inoculating fungi without autoclaving, to avoid the potential coeffect of autoclaving with explosion process on the culture. Sterilized tap water was used
for moisture adjustment to 70% based on wet weight.
Experiment 3: culture using exploded canola meal; Canola meal (10 g) was
exploded each time using the same method for canola cake as in Experiment 1. The
explosion conditions were 65oC, 3,000 psi and 30 min. The treatments of explosion were
done in three replicates. The solid-state cultures were conducted using each exploded
meal with autoclave (EX-A), exploded meal without autoclave (EX-NA), compared to
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raw meal with autoclave (R-A), and the raw meal without autoclave, but the meal was
treated by supercritical CO2 in the same condition as for explosion, 65oC, 3,000 psi and
30 min, and then very slow release of the CO2 to atmosphere (UEX-NA). In each culture,
0.9 g meal was used and 0.6 g canola oil was added to reach the weight of 1.5 g substrate.
To adjusted moisture to about 70%, 875 µl water was supplemented (sterilized water was
added for the cultures without autoclaving). The cultures were also conducted for the
comparison of EX-A and R-A in submerged cultures with autoclave using 0.9 g meal and
0.6 g canola oil.

5.2.4. Oil Extraction and Composition Analysis
The method and procedure for oil extraction from biomass after submerged
culture were the same as that described in chapter 3 (3.2.4.). For the solid culture, the
only difference was the omission of the filtration step compared to that utilized for the
submerged culture. The method and procedure for oil composition analysis after
extraction were the same as that in chapter 3 (3.2.5.).

5.2.5. Statistical Analysis
Factorial analysis of variance for the yields of total oil, ARA and EPA using
different explosion conditions was performed to examine the effect of temperature,
pressure, saturation time and their interactions., and were also subjected to the analysis of
least significant difference test (LSD) of multiple comparisons or linear contrast of
treatment means at 95% confidence (α=0.05). The analysis was done using Statistical
Analysis System (SAS Ver. 9.1, SAS Institute, USA).
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5.3. Experimental Results
5.3.1. Experiment 1: Submerged Culture Using Exploded Canola Cake
Different explosion factors had different effects on the lipid yields as shown in
Appendix C (Table C.1). Temperature had significant effect on the yields of total lipids,
ARA and EPA, and temperature and pressure had an interaction effect on the ARA and
EPA yield. For total lipids, lower temperature resulted in higher yields as shown in
Figure 5.1. As shown in Figure 5.2, lower temperature resulted in higher yield at the
lower pressure. However, higher temperature had higher yield at the higher pressure for
ARA. For EPA yields, treatments had similar effects as to ARA yields. Saturation time
had not significant effect on the yields of total lipids, ARA and EPA. Table 5.1 shows the
yields of total lipids, ARA and EPA for each explosion treatment by LSD analysis. All
treatments were not significantly different from the control, though there existed
differences between treatments.

5.3.2. Experiment 2: Solid-state Culture Using Exploded Canola Cake
5.3.2.1. Culture with Autoclave
Different explosion factors had different effects on the each yields of total lipids,
ARA and EPA as shown in Appendix C (Table C.2). Both temperature and pressure had
a significant effect on the yield of total lipids, but there were not interaction between
temperature and pressure. The lower temperature had higher yield of total lipids, and
lower pressure resulted in higher total lipid yield (Figure 5.3). As shown in Figure 5.4,
saturation time had a significant effect on the ARA and EPA yields, and saturation time
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and pressure showed significant interaction. For ARA, shorter time resulted in higher
yield at lower pressure; however, longer time resulted in higher yield at the higher
pressure. For EPA, shorter time resulted in higher yield at the higher pressure; however,
longer time resulted in higher yield at the lower pressure. Table 5.2 shows the yields of
total lipids, ARA and EPA for each explosion treatment. Treatment 4 and 6 were
significantly different from the control including all the yields of total lipids, ARA and
EPA.

5.3.2.2. Culture without Autoclave
Temperature had significant effect on the yield of total lipids, and the interaction
between temperature and pressure was observed. However, all factors including
temperature, pressure and saturation time had not significant effect on the yields of ARA
and EPA, as shown in Appendix C (Table C.3). Table 5.3 shows the yields of total lipids,
ARA and EPA for each explosion treatment. All treatments were not significantly
different from the control.

5.3.3. Experiment 3: Culture Using Exploded Canola Meal
In the solid-state culture, the fungi could grow using exploded meal without
autoclaving or non-exploded meal with autoclaving, and the growth were better without
autoclaving than with autoclaving, as shown in Appendix C (Figure C.1). Figure 5.5
shows the yields of ARA and EPA for each culture. The analysis of LSD showed that all
treatments were not statistically different for total oil yields, but showed the differences
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for both ARA and EPA yields. The exploded meal without autoclave (EX-NA) achieved
the highest yields of ARA, 40.9 mg/g substrate and EPA, 5.1 mg/g substrate. The raw
meal with autoclave (R-A) produced the lowest yields of ARA, 8.3 mg/g substrate and
EPA, 0.8 mg/g substrate. Linear contrast of explosion to non-explosion process (EX vs R
and UEX) showed that the explosion process improved the yields of ARA and EPA.
Linear contrast between with autoclave and without autoclave (A vs NA) showed that the
autoclave process decreased the yields of ARA and EPA.
In the submerged culture, the larger fungal pellets using exploded meal were
observed compared to using raw meal, as shown in Appendix C (Figure C.2). Figure 5.6
shows the yields of ARA and EPA for each culture. The LSD analysis showed that two
cultures were not statistically different for total oil yields, but resulted in the differences
of both ARA and EPA yields. The explosion process decreased the yields of ARA and
EPA.

5.4. Discussion
The effects of supercritical CO2 explosion process on digestibility of canola
substrate for fungal cultures were investigated both in submerged and solid-liquid
cultures. The effects of autoclave process on digestibility of canola substrate were also
considered by comparison of the treatments with autoclave and without autoclave. In
general, when canola cakes were investigated, the explosion process did not improve the
yields of ARA and EPA at the present experimental conditions. When canola meals were
investigated, the explosion process did improve the yields of ARA and EPA.
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Factorial design was conducted to analyze the effect of temperature, pressure and
saturation time on explosion process on the basis of lipid yields. Different results were
concluded in Experiment 1 and Experiment 2, where the same exploded canola cakes
were used, but in different culture methods, submerged and solid-state cultures. The
conclusion was not clear without considering the different processing techniques
following the explosion process.
The analysis results greatly depend on lipid yield, so some interrupting factors
might be taken into account. Canola cake contained 15% oil. An estimate of about 16 mg
oil was released during the explosion process, which slightly varied with different
explosion conditions (Dong and Walker, 2007). This small oil loss might also affect the
fungal culture and final lipid yields. When canola meal was exploded this affect was less
significant because of its low initial oil content of less than 1%. In this experiment, the
canola cakes were stored at -20oC for three months after explosion processing, and then
used for fungal culture, possibly decreasing the intensity of the explosion effects. For the
canola meal, the culture was done within three days after it was exploded, where the meal
was stored at room temperature. The post-exploded effects were much possibly
preserved.
Autoclaving at 121oC is the most common sterilization process for microbial
culture. High temperature process may impact the digestibility of canola cake or meal for
fungal utilization. A hydrothermal process was studied for pretreatment of biomass to
enhance digestibility for enzyme or microorganism (Negro et al., 2003). Autoclaving
might also interrupt the effects of the explosion process, so the data from the experiment
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with autoclaving were a result of co-effects of explosion process and autoclaving. As
shown in Experiment 2 for the solid-state cultures using exploded canola cakes with
autoclaving, the explosion process showed negative effects with lower lipid yields on
fungal culture. However, the explosion process did not show significant effects when
using exploded cakes without autoclaving. The negative effects of the explosion process
with lower lipid yields were also observed in Experiment 3 in submerged.
In submerged culture, Experiment 1 showed the explosion process had not
significantly effects on fungal culture. However, in solid-state culture, Experiment 2
showed the explosion process negatively affected fungal culture with lower lipid yields.
Both systems have their advantages and disadvantages. The different effects of explosion
process could be one of factors for the choice of culture system.
Supercritical CO2 explosion process was investigated for sterilization as an
alternative to other sterilization methods, e.g. steam, gamma irradiation, ethylene oxide,
and hydrogen peroxide sterilization (Spilimbergo et al., 2002; White et al., 2006; Zhang
et al., 2006). This potential sterilization process is especially favorable for heat sensitive
biological material because of its low process temperature. In this study, the interest for
the application of explosion process on sterilization for direct culture without additional
steam autoclaving was also targeted, as well as for enhancement of fungal digestibility.
Both of these two possible functions were demonstrated in Experiment 3 for solid-state
culture. The fungi could grow in the cultures without autoclaving either using exploded
meal (EX-NA) or unexploded but supercritical CO2 treated meal (UEX-NA).
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Furthermore, the ARA and EPA yields were enhanced by explosion processing for nearly
5 times when using the exploded meal (EX-NA) compared to the raw meal (R-A).
Different results were observed in each experiment in this study. Both consistent
and contentious results also appeared in different studies for the effect of supercritical
CO2 explosion on enzyme hydrolysis of pretreated lignocelluloses (Kim and Hong, 2001;
Zheng et al., 1998). Higher glucose yields were associated with higher temperatures and
pressures of explosion for cellulose hydrolysis (Zheng et al., 1998). However, a higher
glucose yield was obtained at a lower explosion pressure of 3,000 psi compared to 4,000
psi at the same temperature of 165°C for lignocellulosic hydrolysis (Kim and Hong,
2001). Many factors may affect the explosion process. Other factors, such as original
anatomical structure, moisture content of sample and decompression rate, contributed to
the results of pretreatment of supercritical CO2 explosion (Gaspar et al., 2001; Kim and
Hong, 2001; Zheng et al., 1998). The effectiveness of steam explosion was influenced by
the saturation time, temperature, pressure, substrate size, and substrate moisture content
for enzyme hydrolysis of cellulosic materials (Duff and Murray, 1996; Wright, 1998).
The experimental results could be better understood if systemically considering the
different processing techniques following the explosion process.
In this study, preliminary experiments were conducted for the application of
supercritical CO2 explosion process on pretreatment of fermentation substrate. Many
factors may synergistically affect the fungal culture associated with explosion
pretreatment besides those were discussed above. Further studies on effectiveness of
explosion process for oily material like canola cake and the optimization of the explosion
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process using canola meal are recommended. Further investigations on the safety and
reliability are also suggested for microbial culture using supercritical CO2 explosion
process as a sterilization application.
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Figure 5.2. Interaction effects of explosion temperature and pressure on ARA and EPA
yields in Experiment 1 for submerged culture using exploded canola cake.
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Figure 5.3. The effect of explosion temperature and pressure on total lipids in Experiment
2 for solid-state culture using exploded cake with autoclave.
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Figure 5.5. The yields of ARA and EPA in Experiment 3 for solid-state culture using
meals: raw meal with autoclave (R-A), exploded meal with autoclave (EX-A),
exploded meal without autoclave (EX-NA), unexploded meal without
autoclave (UEX-NA). The values are the means of three replicates. The error
bars represent the standard deviations.
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Figure 5.6. The yields of ARA and EPA in Experiment 3 for submerged culture using
raw meal with autoclave (R-A) and exploded meal with autoclave (EX-A).
The values are the means of three replicates. The error bars represent the
standard deviations.
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Table 5.1. Comparison of treatments for lipid yields in Experiment 1 for submerged
culture using exploded cake.
Treatment

Total Lipids
mg/g substrate

ARA
mg/g substrate

EPA
mg/g substrate

1

35°C-3000 psi-10 min

54.33a

6.33a

0.96a

2

35°C-3000 psi-30 min

57.00a

5.80ab

0.89a

3

35°C-6000 psi-10 min

57.66a

4.94abc

0.75ab

4

35°C-6000 psi-30 min

58.33a

4.53abc

0.66ab

5

65°C-6000 psi-10 min

54.33a

4.19bcd

0.64abc

6

65°C-6000 psi-30 min

42.66b

3.39cd

0.53bc

7

65°C-3000 psi-10 min

43.33b

2.45d

0.33c

8

65°C-3000 psi-30 min

42.00b

3.06cd

0.45c

9

Non-exploded (control)

49.00ab

4.36abcd

0.66ab

Note: numbers are the mean of two replicates; treatment is insignificantly different (α
=0.05) if having any letter is overlapped.

106

Table 5.2. Comparison of treatment for lipid yields in Experiment 2 for solid-state culture
using exploded cake with autoclave.
Treatment

Lipids
mg/g substrate

ARA
mg/g substrate

EPA
mg/g substrate

1

35°C-3000 psi-10 min

179.00ab

23.61cde

3.37ab

2

35°C-3000 psi-30 min

173.00ab

24.48bcd

3.80a

3

35°C-6000 psi-10 min

143.66cd

24.19cd

3.99a

4

35°C-6000 psi-30 min

141.00cd

19.45e

2.76b

5

65°C-6000 psi-10 min

144.33cd

28.96ab

3.84a

6

65°C-6000 psi-30 min

130.16d

20.61de

2.86b

7

65°C-3000 psi-10 min

154.00bcd

25.92abc

3.78a

8

65°C-3000 psi-30 min

155.66bc

23.94cde

3.57ab

9

Non-exploded (control)

183.33a

29.82a

3.99a

Note: numbers are the mean of two replicates; treatment is insignificantly different
(α =0.05) if having any letter is overlapped.
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Table 5.3. Comparison of treatment for lipid yields in Experiment 2 for solid-state culture
using exploded cake without autoclave.
Treatment

Lipids
mg/g substrate

ARA
mg/g substrate

EPA
mg/g substrate

1

35°C-3000 psi-10 min

141.11b

16.78a

2.64ab

2

35°C-3000 psi-30 min

157.77b

21.01a

3.24ab

7

35°C-6000 psi-10 min

156.66b

18.45a

2.75ab

8

35°C-6000 psi-30 min

192.22a

20.20a

3.05ab

3

65°C-6000 psi-10 min

138.88b

21.05a

2.87ab

4

65°C-6000 psi-30 min

107.77b

18.69a

2.53ab

5

65°C-3000 psi-10 min

141.11c

23.01a

3.43b

6

65°C-3000 psi-30 min

154.44b

20.49a

3.30a

9

Non-exploded (control)

163.33b

19.43a

3.27ab

Note: numbers are the mean of two replicates; treatment is insignificantly different
(α =0.05) if having any letter is overlapped.
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CHAPTER 6
SCALE-UP PRODUCTION AND SUPERCRITICAL CARBON DIOXIDE
EXTRACTION OF FUNGI-CONVERTED OIL

Abstract
Canola flake was investigated as a potential substrate for fungal conversion to
produce value-added oil with addition of polyunsaturated fatty acids (PUFAs) in a 7-liter
fermenter compared to shake flask culture. The results showed that the yields of the total
oil was about 9-22% reduction compared to initial oil input in the canola flake, but as
high as 445 mg/l ARA and 67 mg/l EPA yields were achieved. The percentages of ARA
and EPA of total fatty acids in this fermented oil were 15.5% and 2.3%, respectively.
Lower ARA and EPA yields were found compared to those in flask culture, which were
609 and 99 mg/l, respectively. Lower ARA yield was also found compared to 2,900 mg/l
obtained using the media of glucose and yeast extracts in the same scale system, but the
EPA yield was higher compared to 12.6 mg/l. Supercritical CO2 extraction was also
investigated for the lipid recovery from fermented canola flake, and extraction kinetics
were modeled. The feasibility was demonstrated for production of PUFAs in laboratory
scale using canola flake as a single nutrient, and for lipid extraction using supercritical
CO2. Further studies were proposed to improve the ARA and EPA yields by optimizing
the fermentation system, and to enhance the fractionation ability of the extraction system
for the oil with concentrated ARA and EPA.
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6.1. Introduction
The production of ARA and EPA was studied using canola flake as an alternative
substrate in shake flask culture by the fungi, Mortierella alpina. Modified canola oil with
addition of PUFAs was developed targeting a potential nutraceutical market (see Chapter
3). Industrial production of PUFAs, e. g. ARA, EPA and docosahexaenoic acid (DHA,
C22:4n3) from fungi or algae were commercialized for several years (Ward and Singh,
2005). For some fungal production systems, a number of process engineering problems
were associated because of filamentous growth form, e.g. viscosity (or rheology) of
broth, nutrient and oxygen consumption, and other problems related to morphology
(Gibbs et al., 2000; Schmidt, 2005). In commercial media, glucose and starch sources
were often used as carbon source, and soybean meal, peptone, yeast extract or inorganic
nitrogen as nitrogen source (Yuan et al., 2002). In this study, canola flake was directly
used for batch culture in a 7-liter fermentor. The canola flake was an oil-loaded solid
matrix with 41% oil content and 1-2 mm average particle size, which was very different
from glucose or starch powder. Canola flake particle served not only the nutrition source
(C, N and mineral), but also to support fungal growth. For potential industrial
application, the feasibility of production at laboratory scale was investigated, and
problems associated with this substrate were discussed.
Supercritical CO2 extraction is of interest to food, nutraceutical and
pharmaceutical industries as an alternative to traditional organic solvent extraction. The
mild extraction conditions associated with this technology are especially attractive to the
industry due to consideration with heat or oxygen sensitive chemicals, e.g. PUFAs.
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Some previous research with supercritical CO2 extraction of lipids from fungal biomass
showed the potential for this process (Badal, 2002; Cygnarowicz-Provost, et al., 1992;
Walker et al., 1999). The kinetic modeling of supercritical CO2 extraction was studied
either for plant or microbial sources using Goto et al. model (Goto et al., 1993; Canela et
al., 2002; Carvalho et al., 2005; Moura et al., 2005). The fermented flake was
investigated for the oil recovery using supercritical CO2 in this study. Oil extract kinetics
described by an overall extraction curve (OEC) was analyzed and discussed. The Goto et
al. (1993) model was applied to model this extraction process and the fitting parameters
were analyzed.

6.2. Material and Methods
6.2.1. Microorganism and Inoculums Preparation
Mortierella alpina (ATCC 32222) was maintained in potato dextrose agar (PDA)
plates and transferred every three weeks. Inoculums preparation was the same as
described in Chapter 3 (3.2.3.). Prepared inoculums (2.5 ml, 5% v/v) was inoculated to
other 250 ml flasks with the 50 ml media as used for inoculums preparation, and then
cultured for two days. The cultures were then homogenized with a Polytron homogenizer
(PT 1200 model, KINEMATICA, Switzerland) for 10 s at the highest rpm before using
for inoculation in scale-up production.
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6.2.2. Scale up Production in 7-liter Fermenter
Experiment 1: canola flakes (90 g) were used as substrate with 4-liter culture
volume in a 7-liter fermenter (BioFlo 110, New Brunswick Scientific, USA). The
operation temperature was 20 ± 0.1oC with 250 ± 0.1 rpm agitation and 1 volume per
volume per minute (vvm) aeration. The temperature was controlled by cycling water
from the water bath (RTE 7, ThermoNESLAB, USA) setting at 20oC. One of two
impellers was set near the bottom to prevent flake from precipitating at the bottom of
fermenter, and another was set near the surface of liquid. Baffles were removed to reduce
the collection of fungal filament and canola flake. Before autoclaving, a pH probe was
calibrated and pH was measured at 6.3 without need for additional adjustment. After
autoclaving, dissolved oxygen (DO) probe was calibrated by first setting zero by
disconnecting the cable and then 100% DO for stable agitation and aeration. A 200 ml
(5%, v/v) prepared inoculums were inoculated and the culture was conducted in batch
mode for 7 days. The parameters, pH, DO, agitation rate and temperature, were
monitored and recorded by the software NBS Command Plus (Ver. 3.29, New Brunswick
Scientific, USA).
Experiment 2: compared to Experiment 1, canola flakes (150 g) were added with
5-liter culture volume. Ten ml silicone antifoam (ACC TA-2000, Taylor Chemical
Company, USA) was added before autoclaving.
Experiment 3: glucose (120 g) and yeast extract (20 g) were used as media with 4liter culture volume. Compared to Experiment 1, baffles were not removed and 10 ml
silicone antifoam was added after autoclaving.
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6.2.3. Oil Recovery and Composition Analysis
The biomass in each experiment was harvested with filtration using 250 µm
filters, and dried in an oven at 70°C overnight. Total dried biomass was then weighted for
oil yield calculation, and 1.5 g was taken for extraction and oil analysis. The procedure
and method for extraction and analysis were the same as described in Chapter 3 (3.2.4.
and 3.2.5.).

6.2.4. Supercritical CO2 Extraction
The dried biomass from Experiment 1 was prepared for supercritical CO2
extraction. The biomass was ground using a mortar and pestle until the measured particle
size was less than 250 µm. The equipment, operation procedure and method for
supercritical CO2 extraction were the same as described in Chapter 4 (4.2.), except the
difference for filling the material into the vessel. For each experiment, 10 g biomass was
uniformly mixed with 91 g glass beads with 3 mm diameter, and then the mixture was
filled into the extraction vessel. The extracted oil was trapped by the glass beads in a 50
ml tarred centrifuge tube, and separately weighed and collected after extraction for 30
min, 1 h and then for each hour interval until 10 hours total extraction time. The
extractions were done in two replicates. The collected oils in each interval were analyzed
for compositions according to the method in 6.2.3. The analysis was subjected to
Dunnett’s test at 95% confidence (α=0.05) by Statistical Analysis System (SAS Version
9.1, SAS Institute, USA).
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6.2.5. Goto et al. Model and Parameters for Modeling
The Goto et al. (1993) model treats the solid particle as a solid substrate with a
porous matrix. The solute diffuses within the pores and through a film surrounding the
particles, then is extracted into the supercritical fluid and carried away by the bulk flow.
At equilibrium, the total initial solute concentration existing in both the solid phase and at
the surface is given by a linear relationship
ε

C O =  P + (1 − ε P ) xO ρ S
K


(6.1)

where CO is the total solute concentration in the particle (kg/m3), the particle porosity is
represented by εP, K is the adsorption equilibrium constant, or partition coefficient of the
solute in solvent, x0 is the initial solute mass ratio in the particle (kg solute/kg particle),
and ρS is the real solid density (kg particle/m3 particle volume).
The solute mass balance equations within the interstitial space and the porous
particle are written in terms of dimensionless variables by the introduction of
dimensionless time (θ). Dimension time is the real process time divided by the CO2
residence time, τ (s). The parameter τ is the total bed volume divided by the volumetric
flow rate of supercritical fluid at the extractor vessel conditions:

x 
dx x
φ (1 − ε ) 
+ =−
x − s 
K
dθ ε
ε 
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(6.2)

xs 

K 

/ K + (1 − ε P


dx s
=
dθ
εP

φ x −

(6.3)

)

where x is equal to C/Co (dimensionless solute concentration in the fluid phase),
dimensionless time, θ= t/τ, ε is the void fraction of the bed, the dimensionless mass
transfer coefficient, φ, is equal to kpapτ with kpap being the combined mass transfer
coefficient, and lastly, xs (Cs/Co) is the dimensionless solute concentration in solid. The
initial conditions are:
x(θ = 0) = 0
x s (θ = 0 ) =

(6.4)

K
ε P + (1 − ε P )K

(6.5)

The solution for the set of differential equations is given by
x(θ ) = A [exp(a1θ ) − exp(a 2θ )]

(6.6)

where

(

)

(6.7)

(

)

(6.8)

a1 =

1
− b + b 2 − 4c
2

a2 =

1
− b − b 2 − 4c
2

A=

φ

[ε P + (1 − ε P )K ](a1 − a 2 )

with b and c defined as
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⋅

1−ε

ε

(6.9)

b=

c=

φ

ε P + (1 − ε P )K

+

1

ε

+

φ (1 − ε )
ε

φ

[ε P + (1 − ε P )K ]ε

(6.10)

(6.11)

The cumulative fraction of solute extracted up to dimensionless time θ, F(θ), is given by

F (θ ) =

=

1
1−ε

∫

θ

0

xd θ

A  exp (a 1θ ) − 1 exp (a 2θ ) − 1 
−

1 − ε 
a1
a2


(6.12)

The real solid density (ρs) of biomass from Experiment 1 was measured using a
helium pycnometer (Micromeritics, model AccuPyc 1330, USA). The apparent bed
density (ρa) was measured as the bulk density. The particle apparent density (ρp) was
approximately determined by the weight divided by the condensed volume by shaking in
a measurable cylinder. The initial solute mass ratio (x0) was determined by 10 hours
extraction from 10 g biomass at the same extraction conditions. Parameters for modeling
were calculated and listed in Table 6.1.
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6.3. Results and Discussion
6.3.1. Scale-up Production
In the pre-experiment, the culture was scaled up to 5-liter culture volume with 150
g canola flake in 7-liter fermenter. Substrate concentration was the same as the culture in
250 ml flask with 1.5 g canola flake in 50 ml cultural volume. Serious problems of
mixture and aeration were observed probably due to high substrate concentrations and
large culture volume. On the second day, the mycelia started to grow on the fermenter
wall, impeller and baffles. Mycelia and flake coalesced together collecting in the head
space of the fermenter. Some adjustments were applied in the followed experiments. the
filamentous growth of fungi in different experiments after 7 days culture were shown in
Appendix D (Figure D.1). Different extent fungal attachments to the fermenter wall were
observed. Figure 6.1 shows the morphology of fungi adapted to different substrates. In
Experiment 1, compared to pre-experiment, the attached growth was reduced using low
substrate concentration, as well as removing baffles and adjusting the agitator position,
but the culture was still obviously separated into two parts. The top part consisted of the
mixture of canola flake and mycelia. This part was supported by the wall, probes and
cooling tubing, and was more like solid substrate culture. The morphology of fungal cell
was very small filamentous particles. The bottom part of the fermenter was submerged
culture. The morphology of fungal cell was small pellets. Some pellets were free of
canola flake, and some surrounded the flake particles. In Experiment 2, attached growth
was further reduced compared to pre-experiment and Experiment 1 due to the addition of
antifoam. The morphology of fungal cells in the top and bottom part of the fermenter
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was similar to that in Experiment 1. In Experiment 3, only a small amount of attached
growth occurred. The morphology of fungal cells was small pellets mixed with loose
filaments.
Figure 6.2 shows the change of DO and pH during the 7-day culture (the data of
Experiment 2 were not recorded). In Experiment 1, after 8 h DO dropped quickly when
the fungi was presumed to enter into the log growth. The peak of DO occurred after 1
day. This was probably because the fungal mycelia and canola flake coalesced at the top
of liquid part, and then the substrate concentration in the liquid part reduced and its DO
increased. After 2 days the fungal growth entered into stationary period until the third
day. After 3 days the DO dropped again, probably due to extra oxygen consuming for
PUFAs synthesis, and then slowly increased with the decrease of oxygen consumption
for synthesis. The formation PUFAs required adequate oxygen because enzymatic
desaturation process requires oxygen (Ratledge, 1992). The pH change followed the
change of DO lagging by about 12 hours. The initial pH was 6.3 before autoclaving, and
was 6.2 after autoclaving. The pH decreased during the early growth period possibly due
to carbonic acid formation resulting from the aerobic consumption of carbon source.
Then the pH began to increase owing to possible ammonia formation from the protein
degradation of canola flake by fungi as well as the disappearance of carbon source in the
media. The pH decreased again since the second day possibly owing to the ammonia
consumption and the decrease of ammonia formation, as well as carbonic acid formation.
After 4 days the pH was relatively stable at 6.7.
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Compared to Experiment1, the changes of DO and pH in Experiment 3 were
different due to different substrates, and the changes were less pronounced. Two hours
after inoculation, the DO dropped quickly when the fungi was presumed enter into the
log growth. The lag period was shorter and the log growth period lasted longer than that
in Experiment 1. This phenomenon may indicate the fungi adapted quicker to glucose
media than canola flake media. After 30 h DO increased when fungal growth started to
transit to stationary phase until the 67th hour. Afterwards the DO slowly increased with
the decrease of oxygen consumption for fungal growth and fatty acid synthesis. A rapid
transition of DO occurred during the 47-67th hour, which was difficult to explain without
the corresponding change of pH. The pH change during culture was consistent with the
change of DO with about 2 hours lag. The initial pH was 6.3 before autoclaving, and was
6.1 after autoclaving. The pH decreased as the DO decreased, and vice versa. After the
66th hour, the pH was relatively stable at 6.2.
In Experiment 1 and 2, the biomass growing at the top and bottom part was
separately harvested and analyzed. In Experiment 1, the biomass (mixture of fungi
mycelia and flake residue) in the top part was 48.8 g (dry wt), and the bottom part was
22.3 g. The total dried biomass of the two parts was 71.1 g, which resulted in 21%
reduction compared to the initial 90 g canola flake. This result was comparable to 22%
reduction of dried biomass from initial 1.5 g flake in flask culture. In Experiment 2, the
biomass in the top part was 32.2 g, and the bottom part was 86.2 g. The total dried
biomass (mixture of fungi and flake residue) of 118.4 g resulted in 28% reduction
compared to the initial 150 g canola flake. In Experiment 3, a total of 70.9 g dried
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biomass (fungi) was obtained with 49.4% reduction compared to the initial 120 g glucose
and 20 g yeast extracts. This result was lower than the 90.2% reduction of dried biomass
from initial 1.5 g glucose and 0.25 g yeast extracts in the flask culture.
Table 6.2 shows the comparison of biomass harvested from the top and bottom
portions of the fermenter. More dried biomass were harvested from the top part than
from the bottom part in Experiment 1; however, less biomass were harvested from the top
part than from the bottom part in Experiment 2. In Experiment 1, the percentages of ARA
and EPA in the main fatty acids from top or bottom part were all higher than that
obtained in the flask culture resulting in 11.8 and 1.9%, respectively; however, these
percentages of ARA and EPA were much lower in Experiment 2 compared to those in
flask culture. For the production using glucose media in Experiment 3, the percentages of
ARA and EPA in the main fatty acids were 44.5% and 0.2%, which were lower than
62.5% and 1.0% obtained from flask culture, respectively. The ARA percentage in the oil
produced from canola flake was lower than that using glucose and yeast extracts.
Table 6.3 shows the total oil, ARA and EPA yields in each experiment. For total
oil yields, Both Experiment1 and 2 produced less oil than initial oil input of about 9 g/l
and 12 g/l in canola flake, which resulted in 21.1% and 9.2% reduction, respectively.
These results were less than 36.7% obtained from flask culture. Higher value of oil with
the addition of PUFAs was expected to compensate the reduction of oil yields and the
cost for additional processing. The total oil yield in Experiment 1 was lower than in
Experiment 3, and Experiment 2 was comparable to Experiment 3. However, in flask
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culture, the total oil yields using canola flake as substrate were much higher compared to
using glucose and yeast extracts.
The production of ARA and EPA in the fermenter was lower than in flask culture
when canola flake was utilized, especially in Experiment 2 (Table 6.3). However, the
production was much higher when using glucose and yeast extracts compared to the
production in flask. In scale-up production, the ARA yield was about 6 times higher
when glucose and yeast extracts were used than when canola flake was used, but they are
comparable in flask culture. The EPA yield, in scale-up production, was about 4 times
higher when canola flake was used than when glucose and yeast extracts were used, and
was about 10 times higher in flask culture.
Either from the percentages or the yields of ARA and EPA, the results showed
that a higher ARA yield was found using glucose and yeast extracts; however, higher
EPA was produced using canola flake. About 9.7% of α-linolenic acid (C18:3n3)
included in the canola oil might act as a precursor for EPA synthesis and contributed to
the higher percentage and yield for this fungi. To achieve high concentration ARA, the
production may improve using glucose and yeast extracts; however, the oil developed
using canola flake might potentially be suited as nutraceutical oil with about 10% of
ARA, and high EPA of about 2.3% as well.
For scale-up production, the mass and energy transfer were important for
successful production. For example, the oxygen availability was most important either for
cell growth or for PUFAs synthesis of aerobic fungi. The different yields in scale-up
systems from in the flask cultures might result from different mass and energy transfer
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mechanisms. The structure and composition of substrate would also directly determine
the chemical and physical properties of culture broth; thus affecting mass and energy
transfer and lipid productivity associated with mixing and aeration. Low productivity of
ARA and EPA using canola flake in scale-up system might contribute to poor nutrient
and oxygen transfer compared to using glucose and yeast extracts. The availability of
nutrients (C, N and minerals) from canola flake should also be taken into account, which
may depend on the digestibility of fungi and particle size of canola flake.
Lipid production was one of a few biotechnological processes that proceeded
quite well in a simple batch culture. In these systems, the C/N ratio was an important
parameter (Streekstra, 2005). Oil accumulation in the oleaginous microorganisms could
increase by starving the cells with a short supply of nitrogen (Ratledge, 1992). Kokie et
al. (2001) reported the effect of C/N on ARA production and mycelial morphology in the
culture of Mortierella alpina. The optimal C/N ratio of the medium was 15-20 for ARA
production with a balance between carbon and nitrogen sources. According to the data
from Sosulski and Sosulski (1990), the reported canola cultivars included about 42% of
oil in canola seed and 45% of protein in the meal. The ratio of C/N was estimated to be
1.7 without considering the other potential C or N sources, e.g. hemicellulose and
cellulose. In the actual culture system, the C/N ratio was difficult to evaluate because the
actual C/N ratio depends on the digestibility of fungi for different C and N chemicals.
The structure and composition of substrate would also affect the morphology of
fungal growth. The formation of large pellet or floc growth of fungi in flask culture was
observed when using glucose and yeast extracts. Small pellet growth was observed in all
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other cultures. Low oil yield was found to be associated with this large pellet growth,
which was probably due to limited nutrient and oxygen transfer. From the cultures in a
shaker and jar fermentor, feather-like morphology with high concentration of small size
pellets was found to be the most suitable for ARA production (Park et al., 1999).
A few studies have been reported to scale up fungal production of PUFAs.
Hansson and Dostalek (1988) employed a number of different large-scale reactor systems
in an attempt to scale-up production of four Mortierella strains. The poor growth was
found for each strain, where the susceptibility of these fungal strains to physical stress
was suggested to be the primary reason. Totani et al. (1992) reported a successful scaleup production of ARA by Mortierella alpina. They scaled up in a stepwise manner,
thereby allowing for the necessary adjustment as production size increased from 200 mL
shake flask to 4-liter bench-top, and then to pilot scale. At the bench-top fermentation
level, the optimal conditions for ARA production was high dextrose concentration
coupled with high agitation speed. This optimal condition was easily scaled to the level
of pilot scale fermentation. Shinmen et al. (1989) used a similar method, where optimal
conditions for a large-scale production was using a medium composed of 2% glucose, 1%
yeast extract, and 0.2% olive oil and adjusted to pH 6.0. Canola flake was different from
the traditional substrates, e.g. glucose and starch in that behavior was between solid-state
and submerged culture. The formation of two-part culture in 7-liter fermenter resulted
from filamentous form of fungi combined with flake substrate. For the pilot scale or
industrial production, the problems associated with fermenter wall growth and impeller
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clogging should be considered, where further processing data prove to be helpful, such as
mixing, viscosity (or rheology) of broth and nutrition consumption.

6.3.2. Supercritical CO2 Extraction and Kinetic Modeling
The biomass used for extraction consisted of fungal biomass and residual
substrate of canola flake, so oils were extracted from both fungi biomass and residual
canola flake. Figure 6.3 shows the OEC including the modeling curve using Goto et al.
(1993) model. The OEC showed solubility-controlled, transition, and diffusion-controlled
extraction rate periods. The constant extraction rate period, defined by the linear
equilibrium relationship between solute and solvent, occurred during the first 2 h until
about 50% of the available oil was removed. After this period, the extraction rate slowly
decreased and eventually entered into a diffusion-controlled period after 5 h when almost
80% of the extractable oil was obtained.
The Goto et al. (1993) model has been successful in describing the CO2 extraction
of fatty acids and carotenoids from the microalgae Spirulina maxima (Canela et al., 2002)
and volatile oils from various plant materials, e.g. rosemary (Carvalho et al., 2005) and
fennel (Moura et al., 2005). In this study, the modeling curve fit the experimental data
well with high R2 of 0.99 (Table 6.4). However, the modeling curve slightly crossed over
the experimental curve, where the model underestimated the solubility-controlled region
and overestimated the diffusion-controlled region (Figure 6.3). Canela et al. (2002)
extracted and modeled the supercritical CO2 process for fatty acids from microalgae,
where a similar crossover phenomenon in the modeling curve was also observed.
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Two adjustable parameters in this model were solute partition coefficient, K, and
combined mass transfer coefficient, kPaP, which were obtained from the least squares
fitting of the experimental data to equation 6.12, as shown in Table 6.4. The solute
partition coefficient represents part of the constant of proportionality during the linear
constant equilibrium phase of extraction (Equation 6.1). The K-value obtained in this
experiment was within the range of 10-100 reported by Goto et al. (1993) for peppermint
extraction, but larger than the range of 0.02-1 reported by Canela et al. (2002) and 0.781.21 reported by Carvalho et al. (2005). The combined mass transfer coefficient, kPaP,
was used to describe both the internal and external mass transfer processes taking place
within the solid. The value in this experiment was the same magnitude as the range of
1.77-4.25×10-3 reported in Canela et al. (2002), but one or two magnitude larger than that
reported by Goto et al. (1993). Different magnitudes of values of K and kPaP were
observed in different studies possibly due to different extraction conditions and various
extraction materials. Because of the mixed biomass in this experiment, the extraction
kinetics curve should be somewhere between the extraction curve from the single fungal
biomass and the curve from single canola flake under the same extraction conditions.
The oils collected in each interval were analyzed for composition comparison.
The result showed that the fatty acid composition of oil for the percentages of the main
components, C16:0, C18:0, C18:1, C18:2, C18:3, C20:4 (ARA) and C20:5 (EPA) had no
significant difference according to Dunnett’s test at 95% confidence determined by SAS.
Badal (2002) conducted the supercritical CO2 extraction of oil from the fermented rice
bran using the fungi, Pythium irregulare. The results showed the feasibility of extracting
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oil from rice and bioconverted rice bran by supercritical CO2, where EPA and ARA
produced during the biotreatment were extracted under the extraction conditions, 40°C,
4,000 psi. The statistics results also indicated that fatty acid concentration did not
changed significantly with time, i.e. the fractionation of the fatty acid was not proven and
the large standard deviation in the result was explained as one of the main reasons for not
seeing the fractionation statistically. But our statistics results were based on all less than
0.08 of standard deviations. To achieve the better fractionation, especially for
concentrating ARA and EPA, the extraction system should be improved, e.g. by installing
an additional fractionation column after extraction vessel to the current system.

6.4. Conclusions
The feasibility was demonstrated for the production PUFAs in laboratory scale
using canola flake as a single nutrient. This preliminary experiment achieved as high as
445 mg/l ARA and 67 mg/l EPA yields, and produced higher EPA yields than using the
media of glucose and yeast extracts. However, lower yields of ARA and EPA were found
in scale-up production compared to those obtained in flask culture. The factors involved
in the scale-up production need to be further investigated. Further studies were proposed
to improve the ARA and EPA yields by optimizing the fermentation system based on
these experimental results. The feasibility was also demonstrated for the lipid extraction
using supercritical CO2 from the mixtures of fungal biomass and the residue of fermented
canola flake. The Goto et al. (1993) model fit the experimental data of extraction kinetics
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quite well. To enhance the fractionation ability of current extraction system would be of
further interest to concentrate the oil with higher content of ARA and EPA.
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A

B
Figure 6.1. Pictures of culture broth taken just before harvesting showing the morphology
of fungi using different substrates, A for Experiment 2: 150 g flake in 5-liter
culture volume; and B for Experiment 3:120 g glucose and 20 g yeast extracts
in 4-liter culture volume.
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Figure 6.2. DO and pH value monitored in each experiment (the data for Experiment 2
was not recorded).
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Figure 6.3. Experimental and modeled extraction curves at 5,000 psi, 50°C and 2.31×10-5
kg/s CO2 flow rate.
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Table 6.1. Parameters for modeling of supercritical CO2 extraction process.

Parameter name

Symbol

Value

Unit

Pressure

P

5000

psi

Temperature

T

50

°C

Bed volume

Vbed

7.53×10-5

m3

CO2 density

ρCO2

950

kg/m3

CO2 mass flow rate

QCO2

2.31×10-5

kg/s

Apparent bed density

ρa

425.7

kg/m3

Apparent particle density

ρp

600.2

kg/m3

Real particle density

ρs

1210.1

kg/m3

Particle porosity

εp=1-ρp/ρs

0.504

-

Interstitial bed porosity

εl=1-ρa/ρp

0.291

-

Initial solute mass ratio in the particle

x0

0.23

kg solute/kg feed
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Table 6.2. Comparisons of production for top and bottom parts resulted in Experiment 1
and 2.
Experiment 1

Experiment 2

Top

Bottom

Top

Bottom

Dried biomass in total (%, wt)

68.1

31.9

27.2

72.8

Lipid in total (%, wt)

66.3

33.7

28.9

71.1

Lipid in dried biomass (%, wt)

38.7

43.1

60.5

55.9

ARA composition (%)*

15.6

15.5

3.4

4.6

EPA composition (%)*

2.3

2.4

0.5

0.7

* Percentages in the main components, C16:0, C18:0, C18:1, C18:2, C18:3, C20:4
(ARA) and C20:5 (EPA).
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Table 6.3. The yields of total oil, ARA and EPA both in fermenter and flask culture.

Total oil yield
(g/l)

ARA
(mg/l)

EPA
(mg/g
substrate)

(mg/l)

(mg/g
substrate)

Experiment 1

7.1

444.8

19.8

66.9

3.0

Experiment 2

10.9

346.3

11.5

55.4

1.9

Experiment 3

11.7

2,900

82.8

12.6

0.4

Flask (flake)*

7.6

608.6

20.3

98.9

3.3

Flask (glucose)*

1.9

603.1

20.1

9.0

0.3

*The data were obtained in flask culture using 1.5 g canola flake and glucose in 50 ml
culture volume, respectively (see Chapter 3 for details).

Table 6.4. Fitting indexes of R2 and kinetic parameters obtained from modeling.
Parameter name

Symbol

Value

R-square

R2

0.99

Partition coefficient

K

Combined mass transfer coefficient (s-1)
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kpap

20.5
3.15×10-3

CHAPTER 7
SUMMARY AND FUTURE WORK

The feasibility was demonstrated to utilize canola materials for the production of
lipids containing target PUFAs both in submerged and solid-state fermentation of the
fungi, Mortierella alpina; and the production at laboratory scale was demonstrated in 7liter fermenter. Canola flake, cake or meal supplemented with plant oils could provide the
nutrients for fungal growth and lipid accumulation. After fungal conversion, the modified
lipids resulted in an oil profile with the addition of three new PUFAs and an improved
ratio of polyunsaturated to saturated fatty acids (P/S) compared to the original canola oil.
This fungi-converted oil could be value-added as potential novel nutraceutical oil, or a
supplement to other products. The production in a 7-liter fermenter achieved yields as
high as 445 mg/l ARA and 67 mg/l EPA using canola flake, and produced higher EPA
yield than using the media of glucose and yeast extracts. However, the lower yields of
ARA and EPA were found in this scale-up production compared to those obtained in
flask culture.
The feasibility for the lipid extraction using supercritical CO2 from the mixture of
fungal biomass and the residue of fermented canola flake was also demonstrated. After 5
hours extraction, nearly 80% of total oil was extracted at 5,000 psi, 50°C and 700 ml/min
flow rate. The Goto et al. (1993) model fitted the extraction curve very well with high R2
(0.99).
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A supercritical CO2 explosion process was characterized based on total release
time, rate of depressurization, and effect of phase change on the rate of depressurization.
The phase transition and temperature change associated with depressurization process
were analyzed and discussed. The applications of this processing were demonstrated by
the improvement of oil extractability for exploded canola flake, and the enhancement of
ARA and EPA yields associated with the sterilization function for fungal conversion
using exploded canola meal. Explosion at 35°C and 3,000 psi resulted in the highest oil
yield, where the oil was extracted with 13% higher yield after 7 hours extraction,
compared to un-exploded canola flake. When the canola meal exploded under 65oC and
3,000 psi was utilized for fungal fermentation, the fungi could grow without autoclaving
either using exploded meal or unexploded but supercritical CO2 treated meal.
Furthermore, ARA and EPA yields were enhanced by explosion processing by nearly 5
fold when using the exploded meal without autoclaving compared to the raw meal with
autoclaving.
This study initiated the work for the production of novel PUFA-added oil by
fungal conversion of canola oil, and integrated the supercritical CO2 explosion
technology to improve the lipid recovery, as well as lipid production from exploded
material. Future work is recommended:
1. to improve ARA and EPA yields by optimizing the fermentation system
considering canola as a special solid, oil-load and nitrogen-rich substrate;
especially, in the scale up system, the problems associated with fungal
filamentous growth e.g. growing on fermenter wall, wrapping around the
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impeller, and coalesce of fungal biomass and canola substrate, need to be further
solved, and the processing data need to be investigated, e.g. mixing, viscosity (or
rheology) of broth and nutrition consumption;
2. to further study the mixed culture of two fungal strains; the culture temperature
and time may affect the growth of each strain, but to understand the mechanism
for mixed culture to improve the ARA and EPA yield and their ratio is also
important;
3. to investigate the safety of fungi-converted oil as potential commercial products
either as nutraceutical oil or a supplement for other products, and the feasibility of
fermented canola residuals as animal feed after lipid was removed;
4. to further study the effectiveness of supercritical CO2 explosion to improve fungal
digestibility for oily material like canola flake and cake, and the optimization of
this process based on different explosion conditions;
5. to further investigate the safety and reliability of supercritical CO2 explosion as a
sterilization application for microbial culture.
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APPENDICES
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Appendix A
Table A.1. Production using different canola substrates in single and two strains mixed culture. *
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*Values are the means of triplicate that varied by less than 5%; The results were from Experiment 1 and 2; **values are mg/g
substrate, based on each of 1.5 g substrate; ***the statistics results of ARA and EPA were shown in Table 3.2 .

Table A.2. Comparisons of production using different substrates and supplement of oils. *
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*Values are the means of duplicate varied by less than 5% from Experiment 3 using single strain, Mortierella alpina;
**different values compared to those in Table A 1 using the same substrate were due to different batch material and culture;
*** values are mg/g substrate based on 1.5 g substrate. ****statistics results of ARA and EPA were shown in Table 3.3.
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Vessel cap

Frit

Figure. B.1. Structure and dimension of vessel (Thar Design, USA)
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Oil composion (%)
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Figure. B.2. Relative fatty acid composition of the oil extracted during 3 h following
explosion process of different conditions after first 3 h extraction. Note: data were
the average of 2 replicates for the oil obtained during the later 3 h extraction
following first 3 h extraction and explosion process. The error bars could not be
shown because of small standard deviations (all < 0.06). Dunnett’s test showed no
significant difference compared to the oil extracted from unexploded flake (P <
0.05).
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Appendix C

Table C.1 The effect of explosion factors on submerged culture using exploded cake.
Effect

Pr > F *
Total lipids

ARA

EPA

Temperature

0.0010

0.0019

0.0025

Pressure

0.1038

0.7655

0.8483

Time

0.3091

0.5700

0.6419

Temperature*Pressure

0.4543

0.0359

0.0244

Pressure*Time

0.2033

0.5129

0.4282

Temperature*Time

0.1038

0.7016

0.5980

Temperature*Pressure*
Time

0.3765

0.4421

0.5152

Note: * Pr < 0.05 means the effect is statistically significant.
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Table C.2 The effect of explosion factors on solid-state culture using exploded cake with
autoclaving.
Effect

Pr > F*
Total lipids

ARA

EPA

Temperature

0.0154

0.1330

0.8202

Pressure

0.0003

0.3335

0.1280

Time

0.2509

0.0151

0.0128

Temperature*Pressure

0.0968

0.3928

0.7260

Pressure*Time

0.4857

0.0315

0.0047

Temperature*Time

0.8283

0.1978

0.5397

Temperature*Pressure*
Time

0.2949

0.8746

0.1904

Note:*Pr<0.05 means the effect is statistically significant.
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Table C.3 The effect of explosion factors on solid-state culture using exploded cake
without autoclave.
Effect

Pr > F*
Total lipids

ARA

EPA

Temperature

0.0014

0.3148

0.6920

Pressure

0.9680

0.6423

0.1378

Time

0.2253

0.8330

0.6442

Temperature*Pressure

0.0023

0.4469

0.1573

Pressure*Time

0.3633

0.6526

0.5026

Temperature*Time

0.0208

0.1302

0.1421

Temperature*Pressure
*Time

0.0339

0.6999

0.9268

Note: *Pr < 0.05 means the effect is statistically significant.
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R-A

EX-NA

147

UEX-NA

EX-A

Figure C.1 Pictures of solid-state culture using canola meals: exploded meal with autoclave (EX-A), exploded meal without
autoclave (EX-NA), unexploded meal without autoclave (UEX-NA), raw meal with autoclave (R-A) and raw meal
without autoclave (R-NA).
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R-A

EX-A

Figure C.2 Picture of submerged culture using raw meal with autoclave (R-A) and exploded meal with autoclave (EX-A).

Appendix D

Exp 1

Exp 2

Exp 3
Figure D.1. Pictures of production using different substrates and concentrations in 7-liter
fermenter. Experiment1: 90 g flake in 4-liter culture volume; Experiment 2:
150 g flake in 5-liter culture volume; and Experiment 3:120 g glucose and 20
g yeast extracts in 4-liter culture volume.
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